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Atmospheric water films affect the processing of chemicals in the atmosphere and have 
potential effects on human health and the environment. In this work, adsorption and 
photochemical transformations of gas-phase PAHs were studied in a flow-tube photo-reactor 
with a view to understanding the behavior of gas-phase PAHs occurring in thin water films such 
as those of aerosols and fog. Naphthalene and phenanthrene were chosen as model PAHs for this 
study. 
Bulk water-air and air-to-interface partition constants of naphthalene and phenanthrene 
were estimated from the experiments based on the dependence of the equilibrium uptake on the 
water film thickness. Theoretical computations of molecular dynamics (MD) of PAHs showed a 
deep free energy minimum at the air-water interface for PAHs entering water phase from the air. 
The MD-simulated hydration free energy was in agreement with experimental data.  
Suwannee River fulvic acid (SRFA) was chosen as a surrogate for the surface active 
substances present in atmospheric water films. The effect of SRFA in the aqueous phase on the 
equilibrium partitioning of PAHs to the air-water interface were investigated. To compare with 
SRFA, the effect of a conventional surfactant, sodium dodecyl sulfate, was also studied.  
Several photooxidation products of naphthalene and phenanthrene were identified in the 
water films and the mechanism of photooxidation was assessed. The effect of singlet oxygen on 
PAH photooxidation was ascertained. The photooxidation of PAHs can be very complex, 
especially for PAHs with several aromatic rings. It was proposed that phenanthrene 
photodegraded via three different pathways: through radical cation intermediates, via reaction 
with singlet oxygen, and via reaction with hydroxyl radical. The reaction rate constants were also 
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determined and were substantially higher in the thin water film as compared to the bulk phase 
reaction.  
Effects of SRFA on the photooxidation of naphthalene and phenanthrene were investigated 
to give insight into the photooxidation process of PAHs in fog droplets in which surface active 
compounds are present. The presence of SRFA in the water led to multiple effects on the rate of 
reaction. These were characterized via a dual mechanism of self-sensitized and 




1.1 Polycyclic Aromatic Hydrocarbons 
Polycyclic aromatic hydrocarbons (PAHs) are a class of very stable organic molecules built 
up of fused aromatic rings. They range from the basic 2-ring naphthalene to multi-ring 
compounds of very large molecular weight. Figure 1.1 shows some typical structures of PAHs. 
PAHs are ubiquitous contaminants in the environment. They are the most abundant class of 
carbon-bearing compounds in the universe [1]. PAHs are a standard survivor of incomplete 
combustion of almost any kind of organic material. They arise from a variety of sources 
including fossil fuel combustion, biomass burning, coal gasification, smelting operations, 
petroleum cracking, forest fires, volcanic eruptions and even organism biosynthesis [2]. PAHs 
are one group of the main components of anthropogenic emissions and industrial wastes. 
Worldwide total concentrations of PAHs in air vary from 0.01 to 100 ng.m-3 and exhibit a linear 
increase with human population, indicating their anthropogenic origin [3]. 
PAHs are hydrophobic and they accumulate in organic rich environments such as lipids, 
aerosols, and soil particles [4]. Most of the PAHs have very low vapor pressure but high aqueous 
activity coefficients. PAHs and their derivatives comprise half of all known carcinogens [5]. 
Many PAHs exhibit carcinogenic, mutagenic, or teratogenic activities. It is also suspected that 
oxidation products of PAHs are more toxic than the parent molecules [6]. Hence, studying the 




Figure 1.1. Typical structures of PAHs. 
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1.2 Atmospheric Water Films  
Field measurements have shown significant fractions of hydrophobic organic compounds 
(PAHs, pesticides) in fog droplets and ice surfaces in the atmosphere [7-9]. Fogs are formed by 
condensation of water vapor onto an aerosol particle that serves as a cloud condensation nucleus 
(CCN). Sizes of fog droplets range from a few micrometers to several tens of micrometers [10]. 
The chemical compositions of particles acting as CCN determine the initial compositions of fog 
droplets, which can be further altered by uptake of soluble gases and by aqueous phase chemical 
reactions. As fog droplets settle to the ground, the pollutants contained within them are deposited. 
This is termed “wet deposition”. Some of the aqueous droplets that do not undergo wet 
deposition evaporate and leave behind a portion of the scavenged pollutants on residual aerosol 
particles that could undergo dry deposition. The enhancement of fog formation by high aerosol 
concentrations, followed by the growth of these aerosol particles during fog processing, has been 
referred to as a smog-fog-smog cycle [9]. In a collaborative work undertaken by our group and 
the research group directed by Prof. Collett of the Department of Atmospheric Science of 
Colorado State University, fog water from several fog episodes in two different Gulf Coast 
regions, Baton Rouge and Houston, were collected and analyzed. Figure 1.2 shows the organic 
composition of fog water samples collected from the two sampling sites. A considerable amount 
of PAHs have been detected in the fog water samples from both sampling sites. PAHs detected 
include naphthalene, phenanthrene, 9-10 anthracenedione and other methyl derivatives of 
naphthalene [9]. 
Deviations from Henry’s Law of gas-water partitioning have been observed for 
hydrophobic organic compounds in fog droplets. Earlier work by a number of investigators 
shows that large composition differences exist in fog droplets of varying sizes [11-13]. 
Hydrophobic organic compounds tend to accumulate in fog droplets as their sizes decrease. 
  3
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Since the ratio of surface area to bulk volume of fog droplets increases as their sizes decrease, it 
is suggested that deviations from Henry’s Law for hydrophobic organic compounds in fog 
droplets and ice surfaces in the atmosphere result from the accumulation of hydrophobic organic 
compounds at the gas-water interface [14].  
Water films on aerosol particles and in the form of atmospheric droplets (fog, rain, and mist) 
have been known to affect the processing of organic compounds in the atmosphere [15, 16]. 
Uptake of gas-phase chemicals takes place on atmospheric water films and the uptake depends 
on the air-to-interface partition constant of the compound, its hydrophobicity and the presence of 
other surface-active compounds in thin films. In a recent work, Sumner et al [17] summarized 
the interactions of thin films of water with various substrates of atmospheric interest and showed 
that on most surfaces water films can support a variety of heterogeneous reactions. Reactions 
that occur at very low rates in the homogeneous gas phase are known to proceed much faster on 
film surfaces via heterogeneous processes [18], for which the determining factor is the 
concentration of compounds in thin films. Reactions of organic vapors on the surface of thin 
films can also lead to the production of secondary organic aerosols (SOA) [19]. A major fate 
process for chemicals in both bulk and interface regions is the photochemical reaction initiated 
by solar UV radiation. For example, during a smog-fog-smog cycle, photoreactions on water 
films can be driven by UV light and transform the chemicals contained in fog droplets. Then the 
photo-transformation products are either released to the atmosphere or remain with the particles 
left behind in the smog. There have also been recent reports on the photochemistry of several 
compounds in ice and snow [20-22]. 
In order to improve our understanding of PAH processing occurring on atmospheric water 
films and the potential effects on human health and the environment, the interfacial behavior of 
PAHs at the air-water interface in the atmosphere was investigated in this work. 
Figure 1.2. Average contributions of various organic compound classes to the total dissolved organic carbon (DOC) contents of fog 
water collected in Baton Rouge and Houston. Data obtained from Raja et al [9]. 
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1.3 Chemodynamic Behavior of PAHs at the Air-Water Interface in the 
Atmosphere 
PAHs in the atmosphere exist as gases, or are adsorbed onto aerosols or dust particles. The 
aerosols are composed of solid particles and liquid water as thin films. PAHs can be distributed 
between the solid and liquid phases of the aerosols. PAHs are considered persistent organic 
pollutants since they do not degrade easily in the environment unless external stimuli are given. 
The extensive π-orbital systems of PAHs allow them to absorb sunlight in the visible (400 – 700 
nm) and the ultraviolet (290-400 nm) range of the solar spectrum [23]. As a result, they undergo 
numerous photochemical reactions initiated by solar radiation. PAHs are hydrophobic and of low 
vapor pressure and they also display a tendency to adsorb at soil-water, sediment-water, and the 
air-water interfaces in the environment.    
A number of important transport and transformation processes occur at the air-water, 
air-soil, and water-soil interfaces in the atmosphere. This work focuses on the transport and 
photochemical transformation characteristics of PAHs at the air-water (fog and ice) interface. 
The air-water interface, including both bulk air-bulk water interface and bulk air-water 
dispersoid (rain, fog, mist, snow, ice, and aerosol) interface, is the largest interface in the 
atmosphere. Figure 1.3 shows an outline of the main physicochemical processes concerning 
PAHs that occur at this interface.  
As shown in Figure 1.3, two major processes occur at the air-water interface: mass 
partitioning and photochemical reactions. Under the specific conditions (air-fog or air-ice) that 
we are interested in, the ratio of surface area to bulk volume for the water phase can be quite 
large. As a result, the interfacial effects become significant for the transport and reactions of 
PAHs. At ambient and sub-ambient temperatures the adsorption of PAHs at the air-water 
interface is considerable and the concentration at the interface is much higher than that in the 
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bulk phase for high surface area dispersoids [24]. Since surface reaction rate is proportional to 
the number of moles on the surface, the heterogeneous photochemical reactions of PAHs 
initiated by solar UV radiation become more noticeable in these cases. 
Homogeneous reaction 
hv 
     
Figure 1.3. Physicochemical processes occurring at the air-water interface. 
1.4 Adsorption of PAHs at the Air-Water Interface in the Atmosphere 
Theoretical computations of molecular dynamics at interfaces have shown that a free energy 
minimum exists at the air-water interface for most organic molecules entering water phase from 
its vapor state [25]. In other words, there exists a free energy barrier to the desorption of most 
organic compounds from the air-water interface to the bulk water and the chemical species tend 
to concentrate at the interface. The amount of the chemical species increases till the chemical 
potentials at the interface and in the bulk water are equal (Eqn. 1.1). 
                                        Eqn. 1.1 IIWW CRTCRT lnln
00 +=+ µµ
In Eqn. 1.1, µI0 and µW0 denote the standard-state chemical potential at the interface and in 
















concentration at the interface. Rearranging Eqn. 1.1, we obtain the equilibrium surface 






=                        Eqn. 1.2 
As mentioned above, a free energy minimum exists at the interface, which means µW0>µI0. 
Therefore, CI > CW as determined by Eqn. 1.2. Adsorption of organic vapors to thin water films 
have been conducted since the 1920s [26-30]. Davidovits and co-workers proposed a “critical 
cluster” model to explain the dynamics of the entry of molecules from the gas phase to the water 
phase [31]. According to this model, gas-water interface is a dynamic region where aggregates 
are continually forming, dissipating, and reforming. As gas molecules enter this region, they are 
adsorbed at the interface and are interconnected or bound to the aqueous phase by various 
configurations and aggregations. When the cluster reaches a critical size, the gas molecules are 
finally incorporated into the bulk solution phase. The number of molecules required to form the 
cluster depends on the structure of the specific molecule undergoing the adsorption process.  
Due to the accumulation of hydrophobic organic molecules at the interface, it is 
hypothesized that deviations from Henry’s law for hydrophobic organic compounds in fog-water 
and cloud-water samples are attributed to the interfacial adsorption phenomena. Partitioning of 
PAHs between air and water has been well investigated and reported in the literature, however, 
most of the research is concerned with bulk phase partitioning. Only recently has the behavior of 
PAHs at the gas-water interface been a focus of attention [32]. In this work, adsorption of PAHs 
on atmospheric water films was studied to give insight into the behavior of PAHs in a foggy 
environment. 
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1.5 Photooxidation of PAHs at the Air-Water Interface in the Atmosphere 
Bulk phase photochemical reactions of dissolved PAH compounds with OH radicals 
generated by UV radiation are well documented and result in ring cleavage [33, 34]. Generally, 
PAHs are stable due to their delocalized π-electron cloud and large resonance energies. In spite 
of their intrinsically low chemical reactivities, PAHs strongly absorb UV light (300-420nm) and 
undergo numerous photochemical reactions. The photoreactions of PAHs can be broadly 
classified into two categories: (i) homogeneous reactions in bulk phases (air, water), and (ii) 
heterogeneous reactions involving adsorbed PAHs. Homogeneous photoreactions of PAHs have 
been widely studied, among which the reactions of PAHs with oxygen or ozone in the presence 
of UV radiation is the most extensively studied [35-38]. Beltran and co-workers investigated the 
reactions of PAHs dissolved in water under four different conditions (UV radiation, ozonation, 
oxidation by UV radiation combined with hydrogen peroxide, oxidation by ozone combined with 
hydrogen peroxide) and reported their kinetics and reaction products [35-37]. Photoreactions of 
PAHs and alkanes have also been studied under conditions relevant to the prebiotic Earth and the 
interstellar medium where carbon-carbon bonds have been found to form in the photochemical 
alkylation of PAHs [39]. Although there are a large number of studies on homogeneous 
photoreactions of PAHs, there is surprisingly little data on the photooxidation of PAHs under 
environmentally relevant conditions. Some PAH photoproducts have been obtained using light 
sources containing high levels of UVC (<280 nm), which is not present in sunlight. McConkey et 
al [40] studied the photooxidation of naphthalene in aqueous solution under natural sunlight and 
determined its photooxidation pathway, but not the kinetics of product formation. Some of the 
products of UV photolysis are often more toxic than the parent compound [40, 41]. The 
photolysis of PAH compounds adsorbed to ice and water-ice is also reported in the literature [42]. 
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There is some evidence that under stratospheric conditions PAHs react to form higher molecular 
weight proteinaceous compounds [39].   
The presence of thin water films, or so-called “adlayers”, on particulates in the atmosphere 
opens up the possibility of reactions occurring on the water surface, via adsorption of reactive 
gases onto the water film; within the water layer, via dissolution of reactive compounds into the 
condensed phase; and at the solid/water interface. Thus, the presence of water can potentially 
influence the reactivity at the surface of the aerosol and the extent to which it is able to 
participate in heterogeneous atmospheric reactions. Recent studies indicate that even small 
amounts of strongly bound surface adsorbed water may play a critical role in the interaction of 
gases with surfaces traditionally presumed to be solids [17]. Compared to gas-phase 
homogeneous photoreactions, data on heterogeneous photoreactions of PAHs are sparse, 
especially those at the air-water interface. Mmereki and Donaldson detailed the first study of 
heterogeneous chemical reactions of PAHs with ozone at the air-aqueous interface [43, 44]. 
There is, however, a lack of data on the photochemical reactivity of PAHs in thin films of water 
under ambient conditions of temperature and pressure. Hence, this work was undertaken to 
understand the adsorption and photochemical reactivity of PAHs on atmospheric water films 
under simulated sunlight conditions.  
1.6 Model PAHs Chosen for This Study 
Two Model PAHs were chosen to study the adsorption and photochemical transformation 
processes at the air-water interface under environmentally relevant conditions, namely, 
naphthalene and phenanthrene. The reason for choosing these two compounds is that they stay 
mainly in the gas phase in the atmosphere at 25°C thus facilitating our study on their air-water 
interfacial behavior. Most of the other PAHs, such as benzo[a]pyrene and coronene, have 
relatively low vapor pressure and are present predominantly in the solid phase under ambient 
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conditions [5]. Table 1.1 shows some of the physicochemical properties of naphthalene and 
phenanthrene. 
Table 1.1. Physicochemical properties of naphthalene and phenanthrene [45]. 




Pa at 25°C 
Aqueous Solubility, 
µg.L-1 log KOW 
a
Naphthalene 128.16 80.5 10.4±0.2 31,700 3.36 
Phenanthrene 178.22 100.5 (1.6±0.04)×10-2 1,290 4.57 
a. KOW is the octanol-water partition constant and it is a measure of the “hydrophobicity” of a compound.  
1.7 Dissertation Overview 
The objective of this work is to study the transport and photochemical transformations of 
PAHs at the air-water interface in the atmosphere with a view to understanding the behavior of 
PAHs on thin atmospheric water films such as those of aerosols and fog.  
In Chapter 2, the basic experimental setup used throughout our adsorption and 
photo-oxidation experiments, the flow-tube photo-reactor, is described in detail. Description of 
the analytical apparatus used for analyzing photo-oxidation products of PAHs is also given.  
Chapters 3 and 4 describe the adsorption behavior of PAHs on thin water films, with 
Chapter 3 focusing on the adsorption of PAHs on pure water films and Chapter 4 on water films 
containing surfactants Suwannee River fulvic acid (SRFA) and sodium dodecyl sulfate (SDS). 
Partition constants of naphthalene and phenanthrene at the air-water interface on water films 
with and without surfactants are reported. The results of molecular dynamics (MD) simulations 
of the aqueous solvation of PAHs are given in Chapter 3 and comparison is made between the 
MD simulation results and the experimental results.  
Chapters 5 and 6 describe the photo-oxidation processes of PAHs on thin water films under 
simulated sunlight conditions, with Chapter 5 focusing on naphthalene and Chapter 6 on 
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phenanthrene. Photooxidation products of both naphthalene and phenanthrene are reported and 
possible reaction mechanisms are given. Heterogeneous photoreactions of PAHs are revealed 
and comparison is made between the heterogeneous reactions taking place at the air-water 
interface and the homogeneous reactions in the bulk water phase. Effects of SRFA, a good 
surrogate for surface-active polycarboxylic acids found in fog waters, on the photooxidation of 
naphthalene and phenanthrene on water films are reported. Atmospheric implications of the 
results are also given. 






2.1 Basic Experimental Setup 
The adsorption and photochemical reactions of PAH vapor at the air-water interface of 
water films were studied in a horizontal flow-tube reactor. The flow-tube photo-reactor was 
constructed based on the conventional flow-tube assembly that is often employed in atmospheric 
chemistry for surface behavior study [46-48]. Currently, the techniques that are used to study 
interfacial behaviors are basically various forms of flow tube apparatus. Droplet-train flow 
reactor is among the types of flow tube reactors commonly used. Droplet-train flow reactor 
generally consists of a vertical flow tube in which droplets are generated and interact or react 
with the gas phase species passing through the reactor [49]. Sub-micron particles can be easily 
generated in the reactor thus interfacial study can be achieved. Interactions of solid or liquid 
surfaces with gas phase species can also be performed in a horizontal flow tube apparatus by 
coating the tube wall with the material of condense phase and introducing the gas phase species 
using a movable injector. The horizontal flow-tube reactor used in this work is constructed on the 
basis of this type of flow tube reactor. However, instead of coating water on the wall of the tube, 
a glass trough is employed on which the water film is coated. This way the cumbersome 
procedure of coating condense phase materials on tube walls is avoided. Also, by using a glass 
trough we can extend the water film thickness and easily switch between the surface study and 
bulk phase study. The schematic of the experimental apparatus is shown in Figure 2.1. 
The experimental setup consists of three major components: the flow-tube photo-reactor, a 
PAH vapor generator and an online GC-MS. 
 
Figure 2.1. Schematic of the horizontal flow-tube photo-reactor and ancillaries used for carrying out the adsorption and 
photooxidation experiments. 
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2.1.1 Flow-Tube Photo-Reactor 
The flow-tube photo-reactor assembly is comprised of a Pyrex tube, a rectangular 
borosilicate glass channel, a half-circular cooling tube and a removable aluminum block with UV 
lamps fixed inside of it. Figure 2.2 shows the cross-sectional view of the reactor assembly. 
 
Figure 2.2. Cross-sectional view of the flow-tube photo-reactor assembly. 
A thin film of water on which naphthalene was adsorbed and heterogeneous photochemical 
reactions took place was coated on the bottom surface of the low-edge glass trough (length 0.92 
m, width 0.035 m, height 0.005 m, wall thickness 0.0018 m), which was obtained by cutting a 
rectangular borosilicate glass tubing (Wale Apparatus Co., Hellertown, PA) into halves. The 
temperature of the water film was maintained by the half-circular copper cooling tube that was 
placed under the glass trough. A fluid mixture of laboratory grade ethylene glycol (50%) and 
water (50%) was circulated through the cooling tube by a circulating bath (Model 12101-31, 
Cole-Parmer Co., Vernon Hills, Illinois) that is capable of controlling temperature in a range of 













-30°C to 150°C. The glass trough and the cooling tube were both contained in the Pyrex tube 
(length 1m, O. D. 0.0508m, wall thickness 0.0032m, Chemglass, Vineland, NJ) through which 
two UV-B lamps (UVP Inc., Upland, CA) delivered UV light of appropriate wavelength (mid 
range, λ 302nm). Two fans on the wall of the aluminum block circulated outside air into the 
block to keep the temperature of the air around the Pyrex reaction tube from getting too high 
when the UV-B lamps were turned on. Two thermocouples (copper-constantan, SS 304 sheath, 
1/16” sheath diameter, Omega Engineering Inc., Stamford, Connecticut) embedded in the 
cooling tube were in contact with the bottom of the glass trough. They were used to measure the 
temperature of the water film. 
2.1.2 PAH Vapor Generator 
The naphthalene vapor generator (naphthalene saturator), shown in Figure 2.1, was made of 
two serially connected tubular stainless steel columns (SS 316, 0.013m O. D., 0.37m long each), 
each of which was packed with 15 g of Chromosorb P (60/80 mesh size, acid washed, Supelco 
Inc., Bellefonte, PA)34. The Chromosorb P was coated with naphthalene (99.9% purity, Fisher 
Scientific Co., St. Louis, MO) by mixing it with naphthalene-hexane solution, and then 
evaporating hexane. The average loading obtained this way was about 0.02g naphthalene per 
gram of support. For phenanthrene, which has a lower vapor pressure than naphthalene, six 
serially connected tubular columns were needed to make the phananthrene saturator. Each 
saturator column was packed with 15 g of Chromosorb P coated 10 percent by weight with 
phenanthrene. The coated packing was loaded into the vapor generation columns with glass wool 
on both ends of the columns to keep the powder from flowing outside.  
Air was used as the carrier gas and a mass flow controller (0 - 200 mL/min, Aalborg Inc., 
Orangeburg, NY) was used to obtain reproducible gas flow rates. An in-line stainless steel tube 
mixer (15 elements, 0.013m O. D., Cole-Parmer Co., Vernon Hills, Illinois), shown in Figure 2.3, 
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was connected with the PAH vapor generator to provide efficient mixing of the PAH vapor and 
carrier gas.  Water vapor was introduced into the reactor to keep the relative humidity 100% in 
the air and reduce water evaporation during the experiment.  A moveable injector (SS 316, O. D. 
32 cm) was used to introduce the PAH vapor into the glass boat reactor. The temperatures of the 
liquid and gas were monitored using thermocouples placed close to the surface. The top surface 
of the half-circular copper cooling tube and the inner top surface of the Pyrex tube were coated 
with a PFA film (2 mil thick, Berghof America, Coral Springs, FL) to avoid the adsorption of 
PAH onto these surfaces. 
 
Figure 2.3. In-line stainless steel tube mixer. 
2.1.3 Online GC-MS 
A Hewlett Packard 5890 Series II Gas Chromatograph with a Hewlett Packard Mass 
Selective Detector (MSD) was used to analyze the gas stream on-line. A 6-port injection valve 
(Valco Instrument Co., Houston, TX) and a digital valve sequence programmer (Valco 
Instrument Co., Houston, TX) were connected to the GC-MS such that the gas-phase sample was 
injected into the GC-MS automatically. The two-position 6-port valve is shown in Figure 2.4. An 
untreated fused silica tubing (Supelco Inc., Bellefonte, PA) was used as the GC column and the 
retention time of naphthalene inside the column was reduced to about 0.8 min. With this blank 
column installed, the gas phase was sampled every 3 minutes. The injection volume of the gas 
phase samples was 100µl, determined by the volume of the sample loop. 
2.2 Analytical Apparatus for Sample Analysis 
Identification of the photooxidation products of naphthalene and phenanthrene were 
accomplished using a combination of GC-MS and HPLC-MS. 
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Figure 2.4. Two-position 6-port valve (http://www.vici.com/support/app/app11j.php). 
The water samples of the photooxidation experiments were collected and extracted by 
hexane. The extract was concentrated under a stream of nitrogen and analyzed in a different 
GC-MS (Hewlett Packard 6890 Network GC and 5973 Network MSD) from the online GC-MS. 
The temperature of the GC column started at 100ºC and ramped to 200 ºC within 20 min, then 
held at this temperature for 14 min. 
Because of the uncertainty introduced during the extraction and concentration processes of 
the reaction sample, the composition analysis of the reaction sample in GC-MS was only used as 
a reference. Identification of the products was further confirmed using HPLC. Detailed 
description of the HPLC is given in the following chapters.  
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CHAPTER 3 
ADSORPTION OF PAHS AT THE AIR-WATER INTERFACE∗
3.1 Introduction 
The behavior of a gaseous PAH molecule at the air-water interface is important in 
determining its fate and transport in the environment. Air-water interface exists in different 
forms: (i) bulk phase contact (e.g. air-sea), (ii) air dispersed in bulk water (e.g., air bubbles in 
water), (iii) water droplets in bulk air (e.g., fog, mist) and, (iv) thin water films on solids (e.g., 
water films coating aerosols and water coating soil particles in the unsaturated soil zone). In all 
these cases, the air-water interfacial area can be large and provides an important venue for 
adsorption and reaction. Although much is known about the partitioning of PAH molecules 
between bulk air and water phases, much less in known about the adsorptive behavior at the 
air-water interface [50]. Only recently has this become a focus of research [51-56]. For example, 
adsorption parameters for a few PAH molecules have been recently reported [57]. Similarly, a 
few recent papers have shed light on the reactions occurring between adsorbed PAH molecules 
and ozone on both planar and highly curved interfaces [54, 55, 58-62]. 
The equilibrium partition relationships between the interface and the bulk phases (air and 
water) can be described by Gibbs surface excess model. Figure 3.1 shows the equilibrium 
partition relationships between the interface and the bulk phases. Equilibrium partition 
relationship between the two bulk phases is determined by the Henry’s law constant, 
KWA=CW/CA. The Gibbs surface excess, ΓS identifies the equilibrium concentration at the surface. 
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∗ Reproduced in part with permission from Journal of Physical Chemistry A, 2006, Volume 110, 
Pages 9161-9168, J. Chen, F. S. Ehrenhauser, K. T. Valsaraj, M. J. Wornat, Uptake and 
UV-photooxidation of Gas-phase PAHs on the Surface of Atmospheric Water Films. 1. 
Naphthalene. Copyright 2006 American Chemical Society. 
Equilibrium partition between the interface and bulk water is defined by the partition constant, 
KIW=ΓS/CW. Similarly KIA=ΓS/CA defines the equilibrium partition between the interface and 
bulk air [63]. According to the Gibbs surface excess model, the standard state Gibbs free energy 














RTG                        Eqn. 3.1 
where δ0 is the standard surface thickness (=6×10-10m), which is the ratio of the standard state 
pressure for the gas phase ( = 101.325 kPa) and the standard state Kemball-Rideal surface 
pressure ( = 0.06084 mN.m-1). The Kemball-Rideal standard state for the surface is the exact 
equivalent of the 1 atm pressure standard state for the bulk gas phase.
 
Figure 3.1. Equilibrium partition relationships between the interface and the bulk phases [63]. 
During the adsorption of PAH vapor onto a water film, the concentration change of the 





































































where AW (m2) is the surface area of the water film, VW (m3) is the volume of the water and KC 
(m s-1) is the overall mass transfer coefficient. The overall mass transfer rate is affected by three 
factors: gas phase diffusion, mass accommodation at the interface and liquid phase solubility.  




























1exp1*'                Eqn. 3.3 
In the above equation KWA* = KWA + (Aw/Vw)·KIA and τ (s) is the time required for 

















can be approximated as 1. Therefore, in the case of adsorption onto thin water films, 
CW/CA=KWA’≈KWA*. As shown in the expression of KWA* (=KWA+(Aw/Vw)·KIA), the term 
(Aw/Vw)·KIA shows the deviation in thin water films from conventional Henry’s Law partitioning 
between bulk air and water phases. 
3.2 Adsorption of Naphthalene on Thin Water Films 
Naphthalene is the first in the series of PAHs and provides a simple example of the 
adsorption and photo-transformation behavior of PAHs in thin water films. Besides, it also has 
industrial and commercial applications as active ingredients in mothballs, pesticides, crude oils 
and gasoline. It is a ubiquitous pollutant in the atmosphere. For example, in the Baton Rouge air 
it has been noted to be the most prevalent PAH molecule [64]. Table 3.1 lists the 





Table 3.1. Literature values of the physico-chemical properties of naphthalene [65]. 
Property Value Dimension 
Molecular weight 128 g.mol-1
Aqueous solubility at 298K 0.097 - 0.265 mol.m-3
Vapor pressure (sub-cooled liquid) at 298K 0.01 - 0.03 kPa 
Bulk air-water Henry’s constant, KWA at 298K 33 - 68 [-] 
Octanol-water partition constant, Kow at 298K 103.29 – 103.59 [-] 
3.2.1 Experimental Section 
The experimental apparatus shown in Figure 2.1 was used for the adsorption experiments. 
Helium was used to generate the saturated naphthalene stream. The carrier gas containing 
naphthalene vapor was passed through the movable injector and the MS signal was monitored. 
Thin water films were prepared by coating the bottom surface of the glass trough with a known 
amount of deionized water (pH=6.3). To easily obtain a uniform water film, the bottom surface 
of the glass trough was covered with 50 wt% NaOH solution for 1hr and then washed clean with 
deionized water. The trough coated with a thin film of water was then placed in the cylindrical 
reactor and allowed to come to equilibrium temperature determined by the coolant inside the 
cooling tube placed underneath. The gas flow was started and the background MS signal was 
recorded. Thereupon, the naphthalene stream in air was introduced through the movable injector, 
which was placed at the entrance of the reactor. Therefore, the entire reactor was used for 
adsorption. The reduction in MS signal because of adsorption uptake on the water film was 
monitored.   
The experiments were conducted under atmospheric pressure and were repeated for 
different temperature and water film thickness. All experiments were repeated 3 times to confirm 
reproducibility. To exclude the effect of naphthalene adsorption onto surfaces other than the 
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water film in the system, a blank experiment was first conducted using the glass trough without 
any water film.  
3.2.2 Results and Discussion 
3.2.2.1 Data Analysis 
The MS signal intensity is related to the apparent dimensionless partition constant (Henry’s 
constant), KWA* for naphthalene between air (gas) and water (film) as follows [66]  







WA ⋅=                      Eqn. 3.4 
where I(t) is the area (integral) difference between the baseline signal (S0) from the blank 
experiment and the signal from the water film experiment. V is the volume of the water film (m3) 
and Qg is the total volumetric flow rate (m3.min-1) of the helium stream. Note that KWA* is a 
composite of the bulk water-air partition constant, KWA (the conventional Henry’s constant for 
absorption) and the air-interface adsorption constant, KIA. Thus, 






KK                   Eqn. 3.5 
where δ is the film thickness. As δ → ∞ and/or for small values of KIA, the interfacial adsorption 
term is not significant and KWA* → KWA. For small values of δ, the interfacial adsorption term 
cannot be neglected.  
Figure 3.2 is a typical naphthalene MS signal at the exit of the reactor for two cases. The 
first one is the control experiment where the glass boat reactor was empty, i.e., without any water 
film and the second one is that in which a 166 µm water film was placed in the glass boat. The 
injected gas is initially exposed to a fresh surface upon which there is rapid uptake immediately 
following the down-stream of the injection point. This leads to the initial drop in the naphthalene 
signal at the outlet of the reactor. The maximum value of the concentration corresponds to the 
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inlet gas concentration up-stream of the reactor and is reached after uptake equilibrium is 
reached. The slow rise of the signal to that of the inlet stream shows that the film has reached 
saturation uptake.   
Time/min






















Figure 3.2. MS signal of naphthalene for the two cases involving control and water film 
experiments. 
For semi-volatile compounds such as naphthalene, the mass transport from the gas phase to 
an aqueous phase can be gas-phase diffusion limited [67]. The gas-side mass transfer resistance 
will be lowered as the gas-flow rate (velocity) increases. Increasing gas flow rate therefore 
should increase the overall mass transfer coefficient. In order to ascertain the mass transfer 
regime in the reactor a set of initial experiments was undertaken for a relatively thick film (950 
µm). The measured concentration ratio increased with increasing gas flow rate at a temperature 
of 293K. We observed that at flow rates larger than 100 mL min-1 there was no discernible 
change in the partition constant. For the subsequent experiments, the gas flow rate in the reactor 
was fixed at 100 mL min-1.  
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3.2.2.2 Effect of Water Film Thickness on Partitioning to the Film 
The effect of water film thickness on the overall partition constant, KWA* was studied by 
varying the water film thickness in the reactor from 45 to 950 µm at a constant temperature of 
293K and a flow rate of 100 mL min-1. The bottom surface of the glass trough was always fully 
coated with the water film and its surface area was determined (AW=317 cm2). Varied water film 
thicknesses were obtained by changing the volume of the water while keeping the surface area of 
the film constant. The partition constant increased only slightly with increasing surface area per 
unit volume, 1/δ. The variation in surface area per unit volume was from 10 to 2,300 cm-1 and 
the corresponding increase in the partition constant was 18.6. In previous work from our 
laboratory [4] we used an inverse gas chromatography (IGC) technique to obtain very thin water 
films ( 0.025 to 0.2 µm) and corresponding KWA* values varying from 200 to 900 for naphthalene. 
These two sets of data are plotted in Figure 3.3. A trend line (linear fit from Microsoft Excel) can 
be drawn such that as δ → ∞ (i.e., 1/δ → 0), the intercept KWA* → KWA = 86 ±23. The slope of 
the line when 1/δ is large gives the air-water interface partition constant, KIA = 21 ± 1 µm. The 
correlation coefficient for the linear trend line fit (r2 = 0.97) is acceptable. The experimental 
values at 293K are compared to available literature values in Table 3.2. The effect of the 
interface thickness on the overall partition ratio for naphthalene becomes evident only at δ < 1 
µm. Obtaining the precise thickness of the water film for small δ is precluded by the difficulty in 
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Figure 3.3. The effect of water film thickness on the partition constant for naphthalene. 
 
Table 3.2. Experimental and literature values of air-water partition constants for naphthalene at 
293K. 
Parameter Data Reference 
86±23 This work 
64 Extrapolated from NIST handbook [68] 
Air-water bulk phase partition 
constant, KWA /[-] 
72 Alaee et al [69]  
21±1 This work Air-water interface partition constant, 
KIA /[µm] 27±2 Raja et al [4]  
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3.2.2.3 Effect of Temperature on Uptake into the Film 
The temperature dependence is described by the van’t Hoff equation 










−=                  Eqn. 3.6 
Experiments were conducted on a 150 µm water film within a temperature range of 278 – 
303K. At this film thickness, absorption into the bulk phase of the thin film is dominant over the 
surface adsorption term. At the lowest temperature uptake occurs on a water film only 5K above 
the freezing temperature. Figure 3.4 is a plot of ln KWA* versus 1/T which gives an enthalpy of 
solvation, ∆g→wH of – 22±6 kJ mol-1 and an entropy of salvation, ∆g→wS of – 41±20 J mol-1 K-1. 
The straight-line plot has a correlation coefficient of 0.882 indicating that over the temperature 
range the fit is satisfactory. In the literature, data exist on the enthalpy of partitioning of 
naphthalene between the air and water bulk phases. For example, values of -28 kJ mol-1 and -45 
kJ mol-1 have been reported [68, 69]. The enthalpy of solvation is considerably smaller than the 
enthalpy of adsorption at the air-water interface, ∆g→σH, which is reported from our laboratory to 
be – 67±17 kJ mol-1 [4]. Similarly the entropy of solvation is twice as small as the entropy of 
adsorption, ∆g→σS = -95 ± 5 J mol-1 K-1. According to the free energy of adsorption and 
solvation, we conclude that adsorption (partial solvation) at the air-water interface is a favorable 
process, but solvation (transport into the bulk aqueous film) involves considerable energy input 
into the hydration process. 
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Figure 3.4. The effect of temperature on naphthalene partitioning to the thin water film. The 
thickness of the water film was 150 µm. 
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3.3 Adsorption of Phenanthrene on Thin Water Films  
Phenanthrene is a 3-ring PAH often detected in the ambient atmosphere. Phenanthrene is a 
persistent organic pollutant (POP) and is among the species monitored in the polar contaminant 
study [70]. The behavior of phenanthrene is expected to be markedly different from naphthalene, 
since they differ in vapor pressure, aqueous solubility and hydrophobicity. Table 3.3 lists the 
physico-chemical properties of phenanthrene. 
Table 3.3. Literature values of the physico-chemical properties of phenanthrene [65]. 
Property Value Dimension 
Molecular weight 178 g.mol-1
Aqueous solubility at 298K 0.004 - 0.009 mol.m-3
Vapor pressure (sub-cooled liquid) at 298K 9×10-5 kPa 
Bulk air-water Henry’s constant, KWA at 298K 955 [-] 
Octanol-water partition constant, Kow at 298K 104.16 – 104.57 [-] 
3.3.1 Experimental Section 
3.3.1.1 Interfacial Partitioning at the Air-Water Interface 
The experimental apparatus shown in Figure 2.1 was used for the adsorption experiments. 
The experimental procedure was similar to that of the naphthalene adsorption experiments. 
However, the online GC-MS was not used to analyze the gas-phase phenanthrene due to its low 
vapor pressure. Instead, the liquid phase phenanthrene was directly analyzed using HPLC. 
Phenanthrene vapor was generated by passing air through a PAH saturator and was then 
introduced to the flow tube photoreactor in which gas phase phenanthrene adsorbed onto a thin 
aqueous film coated on the glass trough. The flow rate of air to the saturator columns was set at 
75 mL min-1 to obtain reproducible carrier gas flow rate in the PAH saturator. The gas phase 
concentration of phenanthrene obtained in this manner ranged from 0.4 to 0.7 µg L-1 at room 
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temperature (23°C), while the reported value of the saturated gas phase concentration of 
phenanthrene ranges from 2.0 to 6.5 µg L-1 [65].  
Uptake of phenanthrene onto thin aqueous films was investigated to study the interfacial 
behavior of phenanthrene at the air-water interface. The phenanthrene vapor/air mixture was 
introduced to the flow tube photoreactor through the moveable injector and adsorption of 
phenanthrene occurred on the aqueous film coated on the glass trough. The temperature of the 
film was maintained at 296 K by the cooling bath. The aqueous sample was collected and the 
concentration of phenanthrene was quantified using a high performance liquid chromatograph 
(HPLC) after partition equilibrium was achieved between the gas and liquid phases and the 
aqueous concentration of phenanthrene ceased increasing. The time it took to reach equilibrium 
varied with the thickness of the aqueous film. To maintain consistency of our experiments, the 
adsorption duration was set as 10 hours, which is the time required to reach equilibrium on the 
thickest film (1714 µm) employed in our experiments. The experiments were conducted under 
atmospheric pressure and were repeated for different water film thickness. The thickness of the 
water film ranged from 22 to 515 µm. As has been mentioned above, the gas phase concentration 
of phenanthrene generated by the PAH saturator varied from day to day between 0.4 and 0.7 
µg L-1. In order to correct for the aqueous concentration variation brought about by the gas phase 
concentration change of phenanthrene, a pure water film of fixed thickness (1714 µm) was 
coated on a 3.5 × 5 cm glass trough and placed next to the target film, serving as the control for 
the adsorption experiments. The equilibrium concentration of phenanthrene in the target film was 
normalized to the equilibrium concentration in the control film for data analysis.  
3.3.1.2 Measurement of Henry’s Law Constant 
The Henry’s constant for phenanthrene was obtained by measuring the concentrations of 
phenanthrene in the bulk water and vapor phases in contact after equilibrium. A mini-bubbler (10 
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mL in capacity) filled with 5 mL deionized water was connected to the PAH saturator and the 
phenanthrene vapor/air mixture was bubbled through the bubbler at 75 ml min-1. After 
equilibrium was achieved between the water and vapor phases, a polymer trap was connected 
downstream to the bubbler to trap the vapor phase phenanthrene over a period of several hours. 
Water samples were withdrawn from the top of the bubbler both before and after collection of 
the vapor and analyzed using HPLC. The adsorbed phenanthrene was extracted into acetonitrile 
and also analyzed in HPLC. The vapor phase concentration of phenanthrene was estimated based 
on the gas flow rate, the vapor collection time, and the volume of acetonitrile used for extraction. 
Henry’s constant was obtained by the direct ratio of the average aqueous concentration over the 
vapor collection period and the measured vapor phase concentration. 
3.3.1.3 Sample Analysis in HPLC 
Quantification of phenanthrene was done using HPLC. The HPLC instrument consisted of 
an Agilent Technologies HPLC 1100 series with online degasser (G1322A), quaternary pump 
(G1311A), autosampler (G1313A), column thermostat (G1316A), and diode array detector 
(G1315A). An EnviroSep-PP column of 125 mm x 3.20 mm with 5 µm particle size 
(Phenomenex Corp, USA) was used. The injection volume was 25 µL and the column thermostat 
was set to 40 °C. The mobile phase started with a 20/80 acetonitrile/water mixture and ramped to 
80/20 acetonitrile/water within 12 min, then held at this concentration for 3 min, and finally 
returned to 20/80 acetonitrile/water in 3 min at a constant flow rate of 0.5 ml/min. The detection 
wavelength was set to 250 nm with 100 nm bandwidth and 4 nm slit.  
3.3.2 Results and Discussion 
3.3.2.1 Equilibrium Uptake of Gas-Phase Phenanthrene on Water Films 
Let us consider a film of water of thickness δ in the flow reactor that is exposed to a 
gaseous stream of phenanthrene at a constant concentration. The overall equilibrium uptake of 
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phenanthrene in the water film is due to two processes, viz., adsorption at the air-water interface 
and dissolution within the bulk liquid. Thus, the overall equilibrium concentration of 
phenanthrene in the water film,  is given by TwC










CC                    Eqn. 3.7 
where KWA is the dimensionless bulk water-air equilibrium partition constant (Henry’s constant) 
for phenanthrene. KIA (µm) is the partition constant between the air and the air-water interface.  
Cw0 is the concentration in the bulk water phase for which the surface area is negligible in 
comparison to the bulk volume. The above equation clearly demonstrates that as the film 
thickness, δ is small, and the surface partition constant, KIA is large, the contribution from the 
surface adsorption becomes larger.     
3.3.2.2 Effect of Water Film Thickness on Partitioning to the Film 
Figure 3.5 shows the variation in the total aqueous concentration of phenanthrene in the 
film as a function of the inverse of the water film thickness. A linear relationship was observed 
indicating the validity of the assumption that with decreasing film thickness (increasing 1/δ) the 
surface adsorption becomes the predominant uptake mechanism. The y-intercept and the slope of 
the plot give the values of the bulk phase uptake (Cw0) and (Cw0/KWA) KIA. The bulk water-air 
equilibrium partition constant (KWA) was determined separately by passing the phenanthrene 
vapor/air mixture through a bubbler and measuring the equilibrium concentrations of 
phenanthrene in the liquid and gas phases. The value determined is KWA = 1019, which agrees 
with the value reported in other literature (Table 3.4). From the y-intercept and the slope of 
Figure 3.5, one can, therefore calculate the value of the interface partition (adsorption) constant, 
KIA. The value of KIA obtained was 3.3 x 104 µm and compares well with the estimate from 
correlation as shown in Table 3.4. Using this value one estimates that at equilibrium 60% of 
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phenanthrene will be present on the surface of an aqueous film 22 µm thick, whereas for a 515 
























Figure 3.5. Uptake of phenanthrene from the gas phase on aqueous films with varying 
thicknesses. 
Table 3.4. Experimental and literature values of air-water partition constants for phananthrene at 
296K. 
Parameter Data Reference 
1019 This work Air-water bulk phase partition 
constant, KWA /[-] 955 Groundwater Chemicals: Desk Reference [65] 
3.3 x 104 This work Air-water interface partition 
constant, KIA /[µm] 3.5 x 104 Data obtained from correlation(a) [63] 
a. Data obtained from correlation: log (KIA/m) = +0.940 log (KOA/[-]) – 8.607; r2 = 0.987 [63]. KOA is the 
octanol-air partition constant for the compound. log KOA=7.602 for phenanthrene at 298 K[71]. 
3.4 Molecular Dynamics Simulation 
Although the adsorptive behavior of PAHs at the air-water interface has been 
experimentally presented in our work, there has been no molecular scale discussion presented on 
the behavior of PAH molecules at the air-water interface until recently. In 2006, a computational 
research group directed by Prof. Jungwirth of the Academy of Sciences of the Czech Republic 
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conducted molecular dynamics (MD) simulations of the aqueous solvation of four typical 
aromatic compounds. They began with the monocyclic aromatic hydrocarbon (benzene) and then 
moved towards three PAH molecules (naphthalene, anthracene, and phenanthrene). For each 
species, they obtained the free energy profile for moving the molecule from the gas phase to the 
aqueous phase through the air-water interface. In a collaborative research paper co-authored by 
Prof. Jungwirth’s group and our group, the results of the MD simulations were presented and 
compared to the experimental results we obtained.  
3.4.1 Systems and Computational Method 
Classical molecular dynamics (MD) simulations for investigation of the aqueous hydration 
and surface propensity of PAHs were used. In particular, the program package Gromacs 3.15 
were employed to evaluate the potential of mean force (PMF), i.e., the free energy profile ∆G 
associated with moving the molecule from the gas phase across the aqueous interface to the 
liquid bulk and back into the gas phase. From the free energy difference between the two points 
in the path (e.g., in the liquid, at the surface, or in the gas phase) one can evaluate the molecular 











The hydration free energy is related to the Henry’s constant by the state equation of an ideal 
gas and the above equation. The values of Henry’s law constant were taken from a compilation 
by Sander [72] and were used to verify the quality of employed force-fields. Note that hydration 
free energy depends on the choice of a standard state, which in this case is that corresponding to 
infinite dilution. The solvation free energies at ambient conditions (i.e., p0 = 1 atm gas pressure 
and c0 = 1 M concentration) differ from those corresponding to a single gas molecule (pertinent 
to the present simulations) by a factor RT ln(RTc0/p0) = 7.9 kJ·mol-1 [73]. 
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The system investigated consisted of 215 - 430 water molecules and one molecule from the 
following list: benzene, naphthalene, anthracene, and phenanthrene. This system was placed in a 
prismatic unit cell of dimensions 18.6 x 18.6 x 388 Å (215 water molecules and benzene or 
naphthalene) or 23.5 x 23.5 x 200 Å (430 water molecules and naphthalene, anthracene, or 
phenanthrene) and 3D periodic boundary conditions were applied. This results in an extended 
slab with an aqueous bulk between two air-water interfaces.[74]   
Detailed description of the computational method used in the MD simulations can be found 
in our paper [2]. 
3.4.2 Computational Results 
Figures 3.6-3.9 show for each of the investigated systems the corresponding potential of 
mean force (PMF), which is the free energy profile of moving the PAH molecule through the 
aqueous slab, i.e., from the gas phase across the air-water interface into the aqueous bulk and 
across the second interface back into the air. Ideally, the PMF curves should be perfectly 
symmetric with respect to the center of the slab, and indeed very good left-right symmetry is 
shown in Figures 3.6-3.9, indicating convergence of the free energy profiles.  
All the aromatic molecules under study – benzene, napthalene, anthracene, and 
phenanthrene, are volatile species, with their volatility gradually decreasing with molecular size. 
Note that in all these cases, the hydration free energy is negative, meaning that the concentration 
of the molecule is lower in gas phase than in the aqueous bulk. Experimental hydration free 
energies evaluated from Henry’s constants [72] were very well reproduced for all studied 
molecules (Figures 3.6-3.9). Note that with the increasing number of aromatic rings of the 
molecules the hydration free energy increased from less than –1 kcal mol-1 for benzene to more 
than –4 kcal mol -1 for phenanthrene.  
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Figure 3.6. Potential of mean force for moving benzene through an aqueous slab defined via the 
water density profile. The experimental hydration energies obtained from the Henry’s law 
constants in several measurements are displayed as horizontal lines [72]. 
 
Figure3.7. Potential of mean force for moving naphthalene through an aqueous slab defined via 
the water density profile. The experimental hydration energies obtained from the Henry’s law 
constants in several measurements are displayed as horizontal lines [72]. 
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Figure 3.8. Potential of mean force for moving anthracene through an aqueous slab defined via 
the water density profile. The experimental hydration energies obtained from the Henry’s law 
constants in several measurements are displayed as horizontal lines [72]. 
 
Figure 3.9. Potential of mean force for moving phenanthrene through an aqueous slab defined 
via the water density profile. The experimental hydration energies obtained from the Henry’s law 
constants in several measurements are displayed as horizontal lines [72]. 
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One significant result of the present calculations is the deep surface minimum at the PMF of 
benzene and, even more prominently, for the investigated PAHs. Occurrence of such a 
pronounced minimum is directly reflected in a large surface enhancement of the studied aromatic 
molecules. This huge surface enhancement, which is clearly a generic feature of benzene and 
PAHs, is quantified in Table 3.5. Compared to the gas phase, there is more than two orders of 
magnitude surface enhancement for benzene, while for phenanthrene it is almost six orders of 
magnitude.  Interestingly, the mean enhancement at the surface with respect to the aqueous bulk 
is much less system dependent and amounts to roughly a factor of one hundred for all 
investigated molecules. Finally, note that a non-polarizable force-field was employed in the MD 
simulation, which was likely to lead to underestimation of the surface effect. The present results 
can, therefore, be viewed as a lower estimate to the concentration enhancement of benzene and 
PAHs at the aqueous surface. 
Table 3.5. Aqueous bulk concentrations and the highest and averaged values in the interfacial 
region, compared to the gas phase value (normalized to 1.0). 





Benzene 1.0 3.3 480 250 
Naphthalene 1.0 90 16000 7100 
Anthracene 1.0 350 285000 120000 
Phenanthrene 1.0 550 500000 170000 
 
3.4.3 Comparison of Computational Results and Experimental Observations 
As shown in Eqn. 3.1, the air-water interfacial partition constant, KIA at any given 














RTG                          Eqn. 3.1 
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where δ0 is a standard surface thickness (= 6 x 10-10 m), which is the ratio of the standard state 
pressure for the gas phase ( = 101.325 kPa) and the standard state Kemball-Rideal surface 
pressure ( = 0.06084 mN.m-1). The Kemball-Rideal standard state for the surface is the exact 
equivalent of the 1 atm pressure standard state for the bulk gas phase. Using the KIA values 
obtained for naphthalene and phenanthrene, the overall free energy of adsorption can be 
calculated. The calculated values are -25.5 kJ mol-1 for naphthalene and -43.9 kJ mol-1 for 
phenanthrene at room temperature. As shown in Figure 3.10, the free energy obtained 
experimentally was compared to the value predicted from MD simulation. The experimental data 
of the free energy of benzene was obtained from Raja et al [4]. Figure 3.10 is a parity plot where 
the 1:1 correspondence is shown as the solid line. Note that the computational and experimental 
values for naphthalene and benzene are in very good agreement, while the free energy of 




Figure 3.10. Comparison of the experimental and MD-simulated free energy of adsorption from 
the gas phase for benzene, naphthalene and phenanthrene. Experimental data of benzene 




EFFECTS OF DISSOLVED SURFACTANTS ON PAH 
ADSORPTION AT THE AIR-WATER INTERFACE∗
4.1 Introduction 
Atmospheric aerosols typically contain several inorganic salts and 10 – 70% of organic 
compounds. Single particle laser mass spectrometry measurements indicate that much of the 
organic material in atmospheric aerosols resides at their surface [75]. The current picture of 
aerosols is that of a solid core coated with a thin film of water that contains surface-active 
organic compounds [76, 77]. Thin atmospheric water films on aerosols, fogs and ice surfaces 
play an important role in atmospheric chemistry, and their interfacial properties are affected to a 
great extent by the surface-active substances present. The types and concentrations of 
surface-active substances in atmospheric water films are variable [78]. They involve a variety of 
organic compounds such as n-alkanoic acids (fatty acids) and humic-like substances (HULIS) 
[79, 80]. Surface-active substances influence the state of gas-liquid interface of atmospheric 
aerosols by lowering their surface tension and consequently affect aerosol nucleation and growth. 
They also act as adsorptive surfaces for the uptake of gaseous molecules and participate in 
heterogeneous reactions with atmospheric radicals [81]. Extensive studies have shown that 
long-chain fatty acid monolayers inhibit reactive uptake of N2O5 and anthracene on water 
surfaces [43, 82-84]. Understanding the effects of surface-active substances in atmospheric water 
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∗ Reproduced in part with permission from Journal of Physical Chemistry A, 2007, Volume 111, 
Pages 4289-4296, J. Chen and K. T. Valsaraj, Uptake and UV-Photooxidation of Gas-Phase 
Polyaromatic Hydrocarbons on the Surface of Atmospheric Water Films. 2. Effects of Dissolved 
Surfactants on Naphthalene Photooxidation. Copyright 2007 American Chemical Society. 
films is important for elucidating the processing of organic compounds by aerosols and fogs in 
the atmosphere [85].  
The predominant fraction of water-soluble organic compounds present in fog waters is 
acidic and comprises both mono- and di-carboxylic acids and polycarboxylic acids. 
Polycarboxylic acids, which are the most surface-active species in fog droplets, have been found 
to be chemically similar to naturally occurring humic (or fulvic) acids and are referred to in the 
literature as HULIS. It has been shown via molecular characterization that Suwannee River 
fulvic acid (SRFA) is a good surrogate model to represent polycarboxylic acids in fog waters 
[79]. In this work, we chose SRFA to study the effect of dissolved surfactants on PAH 
adsorption at the air-water interface. In order to compare the result with conventional surfactants, 
we also conducted separate experiments using sodium dodecyl sulfate (SDS) as the water-soluble 
surfactant. 
4.2 Experimental Section 
4.2.1 Materials 
Naphthalene (≥99%) and phenanthrene (>96%) were obtained from Aldrich. SRFA was 
obtained from the International Humic Substances Society (Cat. No. 1S101F). SDS (≥99.5%) 
was obtained from Gibco BRL (Grand Island, NY). All chemicals were used as received. Table 
4.1 lists the physicochemical properties of SRFA and SDS. 
4.2.2 Adsorption of PAHs on Thin Water Films Containing Surfactants 
The experimental procedure for the adsorption of PAHs on aqueous surfactant films was 
similar to that on pure water films as described in Section 3.3.1.1. After partition equilibrium 
was achieved between the gas and liquid phases and the aqueous PAH concentration ceased 
increasing, the aqueous sample was collected and the PAH concentration was quantified using 
the HPLC described in Chapter 3. For the adsorption of naphthalene, the film thickness was 
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fixed at 450 µm and the concentration of SRFA solution used to make the film ranged between 0 
and 489 mg L-1. Separate experiments using SDS as the water-soluble surfactant were also 
conducted. Concentrations of the SDS solutions used to make the SDS film ranged between 0 
and 4100 mg L-1. For the adsorption of phenanthrene, the thickness of the aqueous surfactant 
film ranged from 22 to 515 µm for each surfactant solution of fixed concentration. Effects of two 
different levels of SRFA in the aqueous phase, 51.5 and 280 mg L-1, and SDS solution with a 
fixed concentration, 207 mg L-1, were investigated.  
4.2.3 Surface Tension of SRFA Solutions  
To obtain the surface excess of SRFA, surface tensions of SRFA solutions were measured 
by the Wilhelmy plate method using a Krüss Process Tensiometer Model K-14. Surface tensions 
were measured at room temperature (23°C) over a wide range of SRFA concentration (0-20 
g.L-1). Deionized water was used in the preparation of all SRFA solutions. 
Table 4.1. Physicochemical properties of SRFA and SDS 
SDS 
Molecular weight 288.38 g/mol 
Critical micelle concentration at 298 K [86] 8 mmol/l 
SRFA 
Average molecular weight [87] 800 g/mol 
Elemental composition(a) % 
Carbon Hydrogen Oxygen Nitrogen Sulfur Phosphorous 
52.44 4.31 42.20 0.72 0.44 <0.01 













7 20 24 5 11 33 
a. From product information provided by IHSS. 
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4.3 Results and Discussion 
4.3.1 Surface Excess of SRFA 
Figure 4.1 shows the adsorption of SRFA on the water surface and the decrease in the 
air-water interfacial tension. The surface tension of SRFA solution decreased monotonically with 
increase in the aqueous concentration of SRFA indicating that the fulvic acid is surface active. 
The surface tension decreased sharply at low aqueous concentrations whereas the rate of 
decrease was slower at high concentrations. Previous report [89] on the surface tension of a 
sediment-derived fulvic acid showed that the surface tension decrease showed a distinct break at 
what was termed an aggregation concentration of 12.3 g L-1 (1.5 x 10-2 mol L-1). However, no 
such distinct aggregation concentration was observed in the present case. From the surface 












⎛−=Γ               Eqn. 4.1 
where ГS is the surface excess of SRFA (mol cm-2), σ is the aqueous surface tension (mN m-1), 
and as is the activity of SRFA in the bulk solution (mol L-1). For dilute solutions activity is the 
same as concentration, CS, of SRFA in the aqueous phase (mol L-1). The surface excess data was 







=Γ                Eqn. 4.2 
As shown in Figure 4.1, we obtained values of Γmax = 2.3 x 10-10 mol cm-2 and C1/2 = 3.5 x 
10-4 mol L-1 by fitting the surface excess data to the above equation. The maximum monolayer 
adsorption capacity, Гmax, was used to obtain the surface area occupied by an SRFA molecule, 
which was 0.72 nm2. Reported literature values [89] are in the range 0.3 – 0.72 nm2. 
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Figure 4.1. Surface tension change of the aqueous solution of SRFA. Also shown is the surface 
excess of SRFA at the air-water interface fitted to a Langmuir isotherm. 
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4.3.2 Uptake of Naphthalene into Surfactant Films 
The uptake of naphthalene from the gas phase by a 450 µm aqueous film as a function of 
the aqueous phase surfactant (SRFA and SDS) concentration is shown in Figure 4.2. In all these 
cases, a constant gas-phase naphthalene concentration was maintained in the flow reactor. The 
uptake of naphthalene into the film is gas-phase diffusion controlled at very low gas flow rates.  
Previous work from our laboratory had determined that for uptake into pure water a gas flow rate 
> 100 cm3.min-1 in the reactor was enough to eliminate the gas-phase diffusion resistance to mass 
transfer of naphthalene [90]. The aqueous naphthalene concentration was determined after 
equilibrium between the aqueous and gas phases in the flow reactor had been achieved. As has 
been demonstrated in Chapter 3, the effect of the interface thickness on the overall partition ratio 
for naphthalene becomes evident only at δ < 1 µm. Therefore, the uptake of naphthalene from the 
gas phase by the 450 µm aqueous film can be seen as bulk phase behavior. For most 
conventional surfactants such as SDS the expected trend is a minimal increase in naphthalene 
uptake (solubility) until the critical micelle concentration (CMC) of the surfactant is reached. 
Above the CMC, the micellar pseudo-phase in the aqueous solution greatly increases the uptake 
and a sharp linear increase in solubility is to be expected [91]. Indeed such behavior was noted 
for naphthalene uptake in the presence of SDS. However, we observed that the aqueous 
naphthalene concentration only slightly increased at small SRFA concentrations. Only at high 
SRFA concentrations did the naphthalene solubility in the aqueous phase exceed the pure water 
solubility. No sharp increase in naphthalene uptake was noted in the case of SRFA. This is due to 
the lack of a critical aggregation concentration for SRFA at which a micelle-like structure is 
formed in the aqueous phase. The observed small increase in naphthalene uptake results from the 
“partition-like” hydrophobic interaction between naphthalene and SRFA. 
Figure 4.2. Uptake of naphthalene from the gas phase on an aqueous film (450 µm) with different surfactant (SRFA and SDS) 
concentrations.
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4.3.3 Adsorption of Phananthrene on Surfactant Films 
Figure 4.3 shows the variation in the total aqueous concentration of phenanthrene in 
surfactant aqueous films and pure water films as a function of the inverse of the film thickness. A 
linear relationship was observed indicating the validity of the assumption that with decreasing 
film thickness (increasing 1/δ) the surface adsorption becomes the predominant uptake 
mechanism. According to Eqn. 3.7, we can calculate the value of the bulk partition constant, 
KWA, from the y-intercept of Figure 4.3 and the value of the interface partition (adsorption) 
constant, KIA, from the y-intercept and the slope of Figure 4.3. Values of KIA and KWA for each 
solution film are shown in Table 4.2. In pure water, the KIA and KWA values obtained were 3.3 x 
104 µm and 1019 respectively. For an aqueous film that contains 207 mg L-1 of SDS in the 
aqueous phase, which is equivalent to a monolayer of SDS, the partition constant, KIA increased 
to 1.2 x 105 µm. The corresponding bulk water-air partition constant with aqueous phase SDS 
was 1019 showing no variation in the bulk phase equilibrium. Also, for two different levels of 
SRFA in the aqueous phase, 51.5 and 280 mg L-1, which correspond to 15% and 50% surface 
coverage of SRFA, the values of KIA obtained were 3.1 x 104 and 8.1 x 104 µm respectively. The 
corresponding KWA values for the two aqueous concentrations of SRFA were 1019 and 1175 
respectively indicating little variation in the bulk phase equilibrium. Thus, it is clear that the 
presence of surface active materials in the aqueous phase at substantial concentrations effectively 
increase the overall equilibrium partitioning to the air-water interface and uptake by the water 
film. The degree of increase in the equilibrium partitioning was determined by the surface 
coverage of the surfactants and the hydrophobic interactions between the surfactants and 
phenanthrene. 
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Figure 4.3. Uptake of phenanthrene from the gas phase on aqueous films with varying 
thicknesses. 
 
Table 4.2. Bulk and Interface Air-water Partition Constants of Phenanthrene (T=296 K) 
Water Partition 







KWA /[-] 1019 955 a 1019 1019 1175 
KIA /[µm] 3.3 x 104 3.5 x 104 b 1.2 x 105 3.1 x 104 8.1 x 104 
a. Data obtained from “Groundwater Chemicals: Desk Reference” [65]. 
b. Data obtained from correlation: log (KIA/m) = +0.940 log (KOA/[-]) – 8.607; r2 = 0.987 [63]. KOA is the 
octanol-air partition constant for the compound. log KOA=7.602 for phenanthrene at 298K [71]. 
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CHAPTER 5 
UV PHOTO-OXIDATION OF GAS-PHASE NAPHTHALENE ON 
ATMOSPHERIC WATER FILMS∗
5.1 Introduction 
Atmospheric PAHs are subjected to a number of fate and transport processes through which 
their removal, distribution and transformations could occur. These processes can include 
physical removal by dry and wet deposition (rain, fog, snow), chemical and photochemical 
reactions in the gas phase and aerosol phase, and dispersion by convection. PAHs in the 
atmosphere can be converted through oxidation and photooxidation reactions. Photooxidation 
reactions play an important part in converting PAHs because of their strong absorption of UV 
light in the range of 300-420nm, which is a part of the solar light spectrum.  
There have been numerous reports of the homogeneous reactions of gas-phase PAHs with 
atmospheric oxidants [45]. Similarly, there have been some reports of the heterogeneous 
reactions of adsorbed PAHs with ozone, hydroxyl and nitrate radicals on solid particulate 
surfaces (soot, and aerosols) in the atmosphere [92-94]. In general PAHs adsorbed to natural 
particles such as soot or fly-ash are more stable than in the pure form or adsorbed on silica gel, 
alumina or glass surfaces. Most of these reports are for dry particles in the atmosphere. 
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Air-water interface presents the largest environmental interface. This can be in the form of 
bulk phases in contact (air-sea), dispersed phases (air bubbles or water droplets) or thin films of 
water (aerosols). Apart from the equilibrium distribution of a chemical between bulk phases 
(water and air), very little information is available on the behavior at the air-water interface. 
When the surface area presented by water is much larger than the bulk volume, heterogeneous 
chemistry becomes more important than homogenous reactions in either the bulk air or water 
phases.  
In this work, photochemical transformations of gas-phase naphthalene were studied in the 
flow-tube reactor with a view to understanding the photochemical reactions occurring in thin 
water films such as those of aerosols and fogs. Naphthalene was first selected for this study 
because of its relatively high vapor pressure under room temperature compared to other PAHs. 
Suwannee River fulvic acid (SRFA) was chosen as a surrogate for the surface active humic-like 
substances present in atmospheric water films. To compare with SRFA, the effect of a 
conventional surfactant, sodium dodecyl sulfate, on photochemical transformations of 
naphthalene was also studied. 
5.2 Photooxidation of Naphthalene on Pure Water Films 
5.2.1 Experimental Section 
The system used for the photooxidation reactions of naphthalene on water films was 
identical to that used for adsorption experiments [90]. Naphthalene vapor/air mixture was 
introduced to the horizontal flow-tube reactor at a total flow rate of 100 cm3.min-1 and 
naphthalene adsorbed onto the water film coated on the glass trough inside of the flow-tube 
reactor. After the aqueous concentration of naphthalene ceased increasing indicating that 
partition equilibrium was achieved between the gas and liquid phases, two UV lamps on top of 
the flow-tube reactor were switched on, delivering UV light with wavelengths that ranged 
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between 280 and 315 nm and peaked at 302 nm. The UV light intensity on the surface of the film 
was 1.85 W.m-2. Photoreaction of naphthalene was allowed to occur for a given duration of time 
before samples were taken for analysis. During the photooxidation experiments, the gas phase 
concentration of naphthalene was assumed constant and the reactor temperature was maintained 
at 296 K by the cooling bath. Naphthalene vapor was continuously introduced into the reactor to 
compensate for loss of naphthalene during the reaction and thus naphthalene concentration in the 
liquid phase remained constant. The ratio of the volume to the surface area of the film was 
determined to be the film thickness. Films with two different levels of thickness, 22 µm and 450 
µm, were employed for photoreaction. 
To compare the reactions in water films with that in bulk water, we also conducted 
experiments in the same reactor but with several small (i.d. 0.0254 m) vials containing 6 mL 
solution of naphthalene. To keep the conditions similar to the thin film case (constant 
naphthalene concentration in the liquid phase) we placed pure crystals of naphthalene in the vials 
during the reaction as was done by McConkey et al [40]. 
Quantification of naphthalene and products in the aqueous samples was done using liquid 
chromatography. Identification of compounds was achieved by matching retention times of 
standard solutions within ± 0.1 min and by matching the UV spectrum of the standards and the 
sample. The instrument consisted of an Agilent Technologies HPLC 1100 series with online 
degasser (G1379A), quaternary pump (G1311A), autosampler (G1313A), column thermostat 
(G1316A), diode array UV detector (G1315B) and mass spectrometer (G1956B) with 
atmospheric pressure photo ionization (APPI) interface. An Ultra Aqueous C18® column of 0.25 
m x 0.0021 m with 5 µm particle size (Restek Corp, USA) was used. The injection volume was 
100 µl and the column thermostat was set to 30 °C. The mobile phase started at 100 % ammonia 
formate buffer pH 3.0; 5 M ammonia formate solution and held for 10 min, then ramped up to 
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100 % Methanol within 60 min and held for 15 minutes at a constant flow rate of  2 x 10-7 
m3/min. The detection wavelength was set to 254 nm with 4 nm bandwidth and 4 nm slit. 
5.2.2 Results and Discussion 
Figure 5.1 shows a typical HPLC chromatogram of a sample of thin water film (450 µm) 
with adsorbed naphthalene exposed to UV irradiation for 16 hours. There are several peaks in the 
chromatogram, eight of which have been unequivocally identified by matching the UV spectra 
and retention times with those of authentic reference standards. Our analyses demonstrated that 
the major photooxidation products of naphthalene on thin films were several oxygenated 
products. We focused on four major products that were always observed in the aqueous samples; 
these are peaks 1, 2, 3 and 7, identified respectively as 1,3-Indandione, 1(3H)-Isobenzofuranone 
(Phthalide), 2H-1-benzopyran-2-one (Coumarin), and 1-Naphthol. Quantification of compounds 
was also done on the HPLC. 
The mechanisms of photooxidation of PAHs are well established in the literature [40, 95]. 
The possible route for the formation of these compounds is by the addition of oxygen to the 
naphthalene ring by either [2 + 2] or [2 + 4] photocycloaddition mechanism [40] and shown 
schematically in Figure 5.2. The two types of endoperoxides so formed undergo further 
transformations. Although most oxidizing reactions produced dimerized or larger ring products, 
none was observed in this work. 1-Naphthol is a major compound obtained from one of the 
endoperoxides, which has been shown to easily lead to 1,2-naphthoquinone [96]. The 
endoperoxide can also lead directly to 1,2-naphthoquinone by elimination of a molecule of H2. 
Naphthoquinone was observed in some of our samples. However, it was quickly subjected to 
further chemical reactions, and did not accumulate in sufficient concentration to be detected in 
our analytical system under all conditions. 1,2-naphthoquinone is known to lead to the formation 
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Figure 5.1. Detailed HPLC trace of the aqueous film sample after 16 h exposure to UV light. 
The compounds identified are: 1,3-Indandione (1), Phthalide (2), Coumarin (3), 1-Indanone (4), 



































Figure 5.2. Mechanisms for the formation of main products identified in the HPLC trace of the 
aqueous film samples. 
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of coumarin. Although coumarin is known to form dimers under certain conditions [97], no such 
dimers were detected in our system. The [2 + 4] cycloaddition endoperoxide is known to form 
1(3H)-Isobenzofuranone (Phthalide) upon photolysis by elimination of an acetylene molecule, 
which is known to be a stable compound. The [2 + 4] cycloaddition product also is known to 
produce 1,4-naphthaquinone which easily undergoes hydroxylation and a carbon atom loss 
leading to 1,3-indandione [98]. Thus, in the UV photodegradation of naphthalene some products 
are unstable intermediates while others are stable products. 
As stated in Chapter 3, there is a substantial free energy minimum (-24 kJ/mol) for 
naphthalene adsorption at the air/water interface from the gas phase. This is equivalent to a 
16,000 times enrichment at the interface over the gas phase. It has been reported by Vacha et al 
that molecular dynamics simulations showed that oxygen also has a free energy minimum of -0.5 
kJ/mol for adsorption at 300 K which translates to a 240% enhancement of O2 at the interface 
compared to the gas phase [99]. Thus, it can be hypothesized that the reaction starts by 
adsorption of naphthalene and reaction with oxygen at the air-water interface to form either a 
[2+2] or a [2+4] adduct molecule as shown in Figure 5.2. The adduct molecule further reacts and 
converts to products that are water-soluble and have very low volatility (Figure 5.2). The reactor 










where N is the adsorbed naphthalene, P1, and P2 are products of photoreaction. Note that both k1 
and k2 in the above scheme are overall rate constants that include the photochemistry in the bulk 
phase and surface reactions [100]. For the special case where N is constant the overall rate of 
product formation is given by [101] 






−−⋅=       Eqn. 5.1 
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Thus, for this general case, the product concentration exponentially reaches a constant value 
given by (k1/k2)CN0. If P1 is a stable product, further degradation can be neglected. In this case, 
one obtains 
( ) tCktC NP 011 =           Eqn. 5.2 
Thus for the special case where P1 is a stable product, a linear increase in product 
concentration with time will be noted. Fitting the data to Eqn. 5.1 will give k1 and k2 for a 
specific product. 
Figures 5.3 and 5.4 show the change in the concentration of various products and 
naphthalene in the liquid phase as a function of time for reactions respectively in a thick film 
(450 µm) and a thin film (22 µm). In each case, the average of five replicate experiments is 
shown. The concentration of three products (coumarin, 1,3-indandione and 1-naphthol) reached a 
maximum whereas that of phthalide continued to increase. The rate constants of formation of 
products (k1) and their dissipation (k2) obtained by fitting data to Eqn. 5.1 are given in Table 5.1. 
The fit to the non-linear equation was good in all cases. The rate constant for the formation of the 
product from naphthalene, k1, was in all cases larger for the thin film than for the thick film case. 
In other words, k1 was larger when the surface area per unit volume of the water film (1/δ) 
increased, indicating contribution from heterogeneous reactions. Moreover, for the bulk reaction, 
we observed that the rate constants were very similar to those for the thick film reaction. 
Increases of 30% (coumarin), 192% (phthalide), 31% (indandione) and 80% (1-naphthol) were 


























































Figure 5.3. Photooxidation of naphthalene vapor on a 450 µm water film. 











Table 5.1. Kinetic rate constants for product formation in water films in the reactor a
Compound 
Thin film (22 µm) reaction 
(1/δ = 454 cm-1) 
Thick film(450 µm)  reaction 
(1/δ = 25 cm-1) 
Bulk Liquid reaction 
(1/δ = 0.8 cm-1) 
 k1 / min-1 k2 / min-1 R2 k1 / min-1 k2 / min-1 R2 k1 / min-1 k2 / min-1 R2
Coumarin 4.8 x 10-4 2.7 x 10-3 0.969 3.3 x 10-4 3.6 x 10-3 0.945 3.7 x 10-4 4.0 x 10-3 0.982 
Phthalide 2.8 x 10-4 -- 0.981 1.1 x 10-4 -- 0.976 9.6 x 10-5 --  0.991
1,3-Indandione 1.1 x 10-4 2.2 x 10-3 0.956 9.7 x 10-5 2.2 x 10-3 0.950 8.4 x 10-5 2.3 x 10-3 0.972 
1-Naphthol 7.4 x 10-5 5.2 x 10-3 0.927 4.3 x 10-5 3.1 x 10-3 0.952 4.1 x 10-5 3.4 x 10-3 0.903 
a. R2 is the correlation coefficient for the data fit to Eqn. 5.1. 





heteroNohomP kCkr        Eqn. 5.3 
where ΓN0 (mol.m-2) is the surface concentration of naphthalene, δ is the film thickness (m), and 
CN0 is the bulk aqueous phase concentration of naphthalene (mol.m-3). khomo (min-1) is the 
homogenous (bulk liquid phase) reaction rate constant and khetero (min-1) is the heterogeneous 














+=+       Eqn. 5.4  
We established earlier that surface effects are negligible for bulk (or thick film) reactions, 
which therefore, give us directly the value of khomo=k1,bulk. Using Eqn. 5.4 the value of khetero can 
be calculated from the overall k1 obtained for the thin film reaction. The values of khetero (min-1) 
obtained were 9.9 x 10-3 (coumarin), 1.66 x 10-2 (phthalide), 2.3 x 10-3 (indandione) and 3.0 x 
10-3 (1-naphthol). 
The reasons for higher reaction rates at the air-water interface compared to the case in the 
bulk water phase are probably twofold. First, the interfacial concentrations of reactive species are 
enhanced due to their free energy minimum at the interface. Second, the quantum yield for 
photolysis is larger at the interface than in the case in the bulk water phase due to the decreased 
solvent-cage effect at the interface. Solvents in bulk-liquids tend to encapsulate photo-fragments, 
which leads to higher probability of recombination and a correspondingly lower quantum yield 
for decomposition. This is termed as the solvent-cage effect [102]. Half of the solvent-cage is 
absent on the surface, therefore, the solvent-cage effect is decreased. As a result, the photolysis 
quantum yield is enhanced on the surface, leading to enhanced production of free radicals and 
other reactive species. 
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5.2.3 Atmospheric Implications 
In films of water that comprise aerosols and fog, reactions can be expected to occur similar 
to those observed in thin water films. The rates of product formation in water films can rival or 
exceed those observed in bulk water reactions. In the atmosphere, the loss of naphthalene via 
photooxidation in thin water films on particles and dispersoids should be weighed against other 
dominant reaction loss processes. The competing reactions include (i) the homogeneous 
gas-phase oxidation of naphthalene by photochemically generated hydroxyl radical, and (ii) the 
heterogeneous oxidation of adsorbed naphthalene on solid particles by photochemically 
generated gas-phase hydroxyl radical. Let us consider 1 m3 of air containing 1 ppmv of gas-phase 
naphthalene and estimate the reaction life time in the atmosphere due to the three processes 
considered above. 
The lifetime due to homogeneous oxidation in air by hydroxyl radical is given by 
[ ]•=τ OHk OH
1
1
        Eqn. 5.5 
where kOH is the second order reaction rate constant of naphthalene with OH• ( = 2.2 x 10-17 m3. 
molecule-1.s-1). Adopting a typical atmospheric [OH•] of 1.4 x 1012 molecules.m-3, we derive τ1 = 
9 hours.  
The lifetime due to heterogeneous oxidation of naphthalene adsorbed on solid particles by 















                 Eqn. 5.6 
where ω is the thermal velocity of the hydroxyl radical ( = 661 m.s-1). γ is the reaction 
probability of OH•  with adsorbed naphthalene molecule which is taken to be 0.5 consistent with 
experimental data for PAHs [104]. Assuming a molecular cross section of 0.5 nm2 for a 
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naphthalene molecule, the surface area concentration of naphthalene, AN was estimated to be 12 
m2.m-3. This gives a value of τ2 = 4.8 hours. 
The lifetime due to UV photochemical reaction of naphthalene adsorbed on a water film is 























03      Eqn. 5.7 
Consider, for example, the experimental values of the initial rate constants for the formation 
of coumarin from naphthalene described in Table 5.1. Using the values of KIA (=21 µm) and 
KWA (=86) obtained earlier, and values of khomo (=3.7 x 10-4 min-1) and khetero (= 9.9 x 10-3 min-1) 
for a δ of 15 µm gives τ3 = 22 min.  
It is evident from the above calculation that UV-initiated photochemical reactions in water 
films can compete with other reaction losses and may be of significance on atmospheric particles 
and dispersions (fog, mist). However, one should caution that these estimates are only 
preliminary.  It is well known that dissolved organic compounds (DOCs) such as humic and 
fulvic acids in natural water can affect the photochemical reactions [81]. Therefore, to what 
extent the reaction lifetime of a PAH such as naphthalene will be affected because of DOC 
should be investigated before extrapolating our results to the natural environment.   
5.3 Photooxidation of Naphthalene on Surfactant Aqueous Films 
Interfacial properties of thin atmospheric water films on aerosols, fogs and ice surfaces are 
affected to a great extent by the surface-active substances present. Understanding the effects of 
surface-active substances in atmospheric water films is important for elucidating the processing 
of organic compounds by aerosols and fogs in the atmosphere [85]. One would expect from a 
review of the literature that surfactants exert several effects on the heterogeneous chemistry of 
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gaseous species at the air-water interface. The presence of surfactants can increase the uptake 
rate of gaseous species; this can occur either through a micellar trapping mechanism at the 
surface that results in an enhanced aqueous solubility of gas species or via direct hydrogen 
bonding or covalent bonding between gaseous species and surface molecules. On the other hand, 
long chain alcohols and acids (C12 or larger) can decrease the permeability of gaseous species 
through monolayers on the aqueous surface [105]. Surfactant molecules may be involved in 
surface reactions with adsorbed molecules from the gas phase. Furthermore, the oxidation of the 
surfactant in the surface layer may present a hydrophilic surface to which uptake may not be 
favorable. Previous work has shown that these effects can vary with the type of surfactants 
forming the monomolecular films at the surface [106]. 
It has been shown via molecular characterization that Suwannee River fulvic acid (SRFA) is 
a good surrogate model to represent polycarboxylic acids in fog waters [79]. Some studies on the 
effect of SRFA on PAH photodegradation in bulk water have been carried out but the results 
appear conflicting. Fasnacht and Blough [107] reported that photoreactivities of PAHs in bulk 
water solutions were not affected by SRFA. However, other reports showed that whereas the 
photodegradation of benzo[a]pyrene and benzo[a]anthracene were slowed by HULIS in water, 
that of naphthalene increased [108]. In this work, we chose SRFA to study the effect of dissolved 
surfactants on PAH photooxidation in thin water films. In order to compare the result with 
conventional surfactants, we also conducted separate experiments using sodium dodecyl sulfate 
(SDS) as the water-soluble surfactant. As we saw in our earlier work on pure water films [90], 
the air-water interface and the bulk phase reactions occur at different rates and reactions on thin 
films are predominantly surface reaction limited. SRFA shows multiple effects on naphthalene 
photooxidation and its presence results in a different photooxidation rate compared to that in 
pure water films. 
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5.3.1 Experimental Section 
5.3.1.1 Photooxidation of Naphthalene 
The experimental procedure for the photooxidation reactions of naphthalene on surfactant 
aqueous films was identical to that on pure water films described in Section 5.2.1. SRFA 
solutions with varying concentrations (0-949 mg.L-1) were used to make the film. The ratio of 
the volume to the surface area of the film was determined to be the film thickness. Films with 
two different levels of thickness, 22 µm and 450 µm, were employed for photoreaction. Separate 
experiments using SDS as the water-soluble surfactant were also conducted. Concentrations of 
the SDS solutions used to make the SDS film ranged between 0 and 4100 mg.L-1. 
Quantification of naphthalene and photoreaction products in the aqueous samples was done 
using a high performance liquid chromatography (HPLC). Identification of compounds was 
achieved by matching retention times of standard solutions within +/- 0.1 min and by matching 
the UV spectrum of the standards and the sample. The HPLC instrument consisted of an Agilent 
Technologies HPLC 1100 series with online degasser (G1322A), quaternary pump (G1311A), 
autosampler (G1313A), column thermostat (G1316A), and diode array detector (G1315A). An 
EnviroSep-PP column of 125 mm x 3.20 mm with 5 µm particle size (Phenomenex Corp, USA) 
was used. The injection volume was 25 µl and the column thermostat was set to 40 °C. The 
mobile phase started at 100% water (HPLC grade, EMD Chemicals Inc., USA) and held for 3 
min, then ramped to 80% acetonitrile (HPLC grade, EMD Chemicals Inc., USA) and 20% water 
within 6 min and held at this concentration for 5 min, and finally returned to 100% water in 2 
min and held for 1 min at a constant flow rate of 0.5 ml/min. The detection wavelength was set 
to 250 nm with 100 nm bandwidth and 4 nm slit. 
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5.3.1.2 Light Absorption by SRFA 
SRFA solutions exhibit a significant absorption of UV-visible light, especially at high 
concentrations. To be able to compare the photochemical reaction rates of naphthalene in SRFA 
solutions to that in pure water, absorbance of SRFA solutions was measured on a Spectronic 
Genesys 5 UV/Vis spectrophotometer at 302 nm, which is the peak wavelength of the UV light 
employed in the photooxidation experiments. 
5.3.1.3 Fluorescence Measurements 
The binding affinity of naphthalene to SRFA was investigated by fluorescence quenching. 
Fluorescence measurements were conducted on an OLIS DM 45 Spectrofluorimeter. Aqueous 
naphthalene solution was prepared by adding excessive solid naphthalene to deionized water and 
shaking the solution in a Blue M shaking bath overnight for equilibration. The solution was 
filtered and stored in the dark for future use. Naphthalene concentration of the stock solution was 
determined to be 23 mg.L-1 by HPLC. For fluorescence measurements, 1 ml of the stock solution 
and 0.1 ml of SRFA solution with varying SRFA concentration were added and thoroughly 
mixed in a 1.25 × 1.25 × 4.5 cm PMMA cuvette and fluorescence of the mixed solution was 
measured at room temperature after 15 min. To serve as the background, fluorescence of 
solutions containing SRFA only was also measured with the same SRFA concentrations and 
instrumental conditions. The excitation wavelength of the fluorescence measurements was set at 
286.5 nm where the maximum naphthalene fluorescence intensity was obtained. The emission 
wavelength ranged between 290 and 460 nm at 1-nm increments and the peak emission 
wavelength was detected to be 332 nm for naphthalene and 432 nm for SRFA. 
To correct for inner filter effects, absorbance measurements were taken at 286.5 nm and 332 
nm for the same solutions used in the fluorescence measurements. The fluorescence of 
naphthalene was corrected for both the background fluorescence and the inner filter effect. 
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5.3.2 Results and Discussion 
5.3.2.1 Photochemical Reactions of Naphthalene in SRFA Aqueous Films  
Photochemical reaction kinetics of naphthalene was investigated in 450 µm and 22 µm 
water films containing SRFA. HPLC chromatograms of the reaction samples showed similar 
peaks to those of the pure water reaction samples. No extra peaks were observed except for the 
signals due to SRFA. As for the reaction in pure water, 1,3-indandione, phthalide, coumarin and 
1-naphthol were identified to be the four major photooxidation products of naphthalene in SRFA 
solutions. Quantification of these compounds was done on HPLC, and the reaction rate constants 








)t(C −−⋅= )       Eqn. 5.8 
where k1 is the product formation rate constant, k2 is the product reaction rate constant, CP1 is the 
concentration of the product, and CN0 is the concentration of naphthalene. The reaction scheme 
was . A detailed deduction of Eqn. 5.8 was given in Section 5.2.2. SRFA is 
known to strongly absorb UV-visible light. To compare the reaction rates in SRFA films and 
pure water films, the measured kinetic rate constants were divided by the light screening factor, 
S
2P1PN 21 kk ⎯→⎯⎯→⎯
λ, to correct for internal light filtering by SRFA [109]. Sλ is given by 
S
C C303.2/)101(S S ll λ
ε−
λ ε−= λ       Eqn. 5.9 
where ελ is the unit absorptivity of SRFA, determined to be 1.19 x 10-2 L.mg-1.cm-1 at 302 nm by 
the absorbance measurements, l is the light path length (cm), and CS is the concentration of 
SRFA (mg.L-1). The light path length was taken to be the film thickness, which yields the lower 
limit of the light screening factor. For the 22 µm film, the light screening factor was close to 1 in 
the concentration range that we investigated and light filtering by SRFA was negligible due to 
the small path length. However, light attenuation by SRFA in the 450 µm film was notable. To 
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get a light screening factor of 0.95, we need a SRFA concentration of 1700 mg.L-1 for a 22 µm 
film but only 85 mg.L-1 for a 450 µm film. Therefore, light attenuation by SRFA should be taken 
into account for the 450 µm film. The rate constants for the 450 µm SRFA aqueous film in this 
work were corrected based on the light screening factor. 
Table 5.2 compares the reaction rate constants for the four products in a typical SRFA 
aqueous film and pure water film. As shown in Table 5.2, the product formation rate constants in 
SRFA aqueous films at CS = 18.8 mg.L-1 were smaller than those in pure water films of the same 
film thickness, indicating an inhibiting effect of SRFA on naphthalene photochemical reactions 
at CS = 18.8 mg.L-1. To ascertain the inhibiting effect of SRFA on naphthalene photooxidation, 
we conducted a series of photoreaction experiments over a wide range of SRFA concentration 
(0-949 mg.L-1). The observed formation rate constant, k1,obs, for phthalide and coumarin in a 450 
µm film as a function of the aqueous phase SRFA concentration is shown in Figure 5.5. 
Interestingly, it turns out that SRFA has multiple effects on naphthalene photochemical reactions 
instead of a single inhibiting effect. For both products, k1,obs initially decreased with an increase 
in SRFA concentration until CS reached around 50 mg.L-1. After that, k1,obs began to increase 
with further addition of SRFA to reach an asymptotic bound.  
It has been proposed in the literature that singlet oxygen (1O2) is the dominant reaction 
intermediate in the direct photooxidation of PAHs induced by UV light [5, 110]. The PAH 
photooxidation mechanism by the singlet oxygen route is briefly described as follows. Under UV 
light, PAH molecules are excited to their singlet state, which has a very short lifetime usually on 
the order of 10 ns or less [109] and can decay in part to the triplet state through intersystem 
crossing. Energy transfer from triplet PAH molecules to dioxygen molecules produces highly 
reactive singlet oxygen, which reacts with ground state PAH molecules to produce oxidation 
mmmm 
Table 5.2. Kinetic rate constants for product formation in SRFA solution films and pure water films (T=296 K).  
Pure water SRFA (18.8 mg.L-1) 
 




















Coumarin 3.3x10-4 3.6x10-3 0.945 4.8x10-4 2.7x10-3 0.969 4.4x10-5 6.6x10-5 0.976 1.9x10-4 1.1x10-3 0.945
Phthalide     1.1x10-4 -- 0.976 2.8x10-4 -- 0.981 6.2x10-5 -- 0.930 2.0x10-4 -- 0.960
1,3-Indandione 8.7x10-5 2.2x10-3 0.950 1.1x10-4 2.2x10-3 0.956 3.0x10-5 1.6x10-4 0.988 7.3x10-5 9.3x10-4 0.961
1-Naphthol 4.3x10-5 3.1x10-3 0.952 7.4x10-5 5.2x10-3 0.927 1.5x10-5 1.3x10-3 0.948 3.2x10-5 1.8x10-3 0.952
(a) R2 is the correlation coefficient for the data fit to Equation 3. 
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Figure 5.5. Effect of SRFA on the observed formation rate constants for phthalide and coumarin in a 450 µm aqueous film. The solid 
lines represent the theoretical fit to experimental data (Eqn. 5.13). The insets are blowups of the data at small SRFA concentrations. 
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products. On the other hand, UV-light absorption of humic or fulvic acid molecules can also 
promote them to their singlet excited state and generate singlet oxygen via the same route as 
PAHs [109, 111, 112]. Therefore, singlet oxygen involved in the photooxidation of naphthalene 
in SRFA aqueous solutions can be induced either by naphthalene or by SRFA. Figure 5.6 shows 
the mechanistic scheme that depicts both self-sensitized and SRFA-sensitized photooxidation of 
naphthalene in SRFA aqueous solutions. In light of this mechanism, the observed photooxidation 
rates of naphthalene in SRFA solutions are considered to be a combined result of the 
self-sensitized process and the SRFA-sensitized process. The kinetic data is analyzed as follows 



















Figure 5.6. Mechanistic interpretation of naphthalene oxidation by singlet oxygen via (a) 
self-sensitized and (b) SRFA-sensitized pathways. 
SRFA-sensitized:  
PAHs are highly hydrophobic and are known to undergo complex formation with humic 
materials through hydrophobic interactions [113]. As a result of the association between 
naphthalene and SRFA, naphthalene in SRFA aqueous solutions exists in two regions: the SRFA 
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region and the bulk aqueous region. Therefore, the product formation rate of naphthalene 



















+=                Eqn. 5.10 
where krxn is the bimolecular reaction  rate constant of naphthalene with 1O2 and V1, V2, and 
Vtot are the volumes of the SRFA region, the bulk aqueous region, and the whole solution 
respectively. The subscript SRFA denotes the contribution from the SRFA-sensitized process 
and 1 and 2 denote the SRFA and the bulk aqueous phase respectively. The above equation can 
be coupled with the distribution of naphthalene and SRFA-induced singlet oxygen between the 
SRFA and the bulk aqueous region to obtain the following equation for product formation (see 











+=                Eqn. 5.11 
In this equation, KOM is the partition coefficient of naphthalene to SRFA and kgen is a 
kinetic constant describing the concentration of singlet oxygen in the bulk aqueous phase 
induced by SRFA. The term in the parentheses is a constant. 
Self-sensitized:  
Although humic substances can induce highly reactive photo-oxidants under UV-visible 
light [114], they can also quench or scavenge the PAH excited states, free radicals, or other 
excited species that may be intermediates in the photochemical reactions of PAHs. Considering 
the self-sensitized photooxidation of naphthalene in the presence of SRFA, the predominant 
triplet energy of SRFA is estimated to be 250 kJ.mol-1 [109] and is lower than the triplet energy 
of naphthalene (255 kJ.mol-1 [115]). Therefore, triplet-triplet (T-T) energy transfer occurs 
between triplet naphthalene and ground state SRFA to give ground state naphthalene and triplet 
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SRFA. In this way triplet naphthalene is quenched. T-T energy transfer is a spin-allowed process 
and the quenching normally proceeds at a diffusion-controlled rate [115]. On the other hand, 
Figure 5.7 shows the fluorescence emission spectrum of naphthalene and the fluorescence 
excitation spectrum of SRFA in water samples from the fluorescence measurements. 
Interestingly, we found that both the emission spectrum of naphthalene and the excitation 
spectrum of SRFA peak at 332 nm. This peak overlap suggests that singlet naphthalene 
molecules could also transfer their energy to ground state SRFA molecules by fluorescence 
resonance energy transfer (FRET). Therefore, SRFA can not only quench triplet naphthalene via 
the T-T energy transfer process but also compete for the energy transferred from singlet 
naphthalene and inhibit the production of triplet naphthalene. As a result, the production of 
singlet oxygen induced by triplet naphthalene is inhibited, which consequently slows the 
self-sensitized photooxidation of naphthalene. Using the Stern-Volmer approach to describe the 
inhibiting effect of SRFA on the self-sensitized photooxidation of naphthalene, we obtain (see 











=                 Eqn. 5.12 
where kq is the quenching constant of SRFA and [1O2]0 is the concentration of singlet oxygen in 
the solution without SRFA. 
Combining Equations 5.11 and 5.12, we obtain the following expression that describes the 











































Figure 5.7. Fluorescence excitation spectrum of SRFA (4.4 mg.L-1, detection emission 
wavelength: 432 nm) and fluorescence emission spectrum of naphthalene (6.5 mg.L-1, excited at 
286.5nm). 
The formation rate constants of phthalide and coumarin in the 450 µm SRFA aqueous films 
are fitted to Eqn. 5.13 and the resulting fit parameters are listed in Table 5.3. The correlation 
coefficients are 0.963 and 0.950 respectively, indicating that the fit is satisfactory. Although the 
correlation cannot give all the individual constants in Eqn. 5.13, values of KOM (=C2) and kq (=C4) 
are obtained. To compare with the value of KOM obtained from the data correlation, we also tried 
to measure the partition coefficient of naphthalene to SRFA by fluorescence quenching. 
Unfortunately, no detectable fluorescence quenching was observed from the fluorescence 
measurements after the inner filter effect of SRFA was corrected. Using the average KOM value 
we obtained from the correlation, the Stern-Volmer plot for naphthalene quenching by SRFA 
would have a slope of 1.45 x 10-3 L.mg-1, which indeed is too small to be observed from the 
fluorescence quenching measurements. 
  72











Phthalide 6.5 x 10-7 2.3 x 10-3 1.0 x 10-4 8.6 x 10-2 0.963 
Coumarin 7.1 x 10-7 6.0 x 10-4 3.3 x 10-4 9.5 x 10-1 0.950 
(a) Simplified fit equation: kobs=C1[SRFA]/(1+C2[SRFA])+C3/(1+C2[SRFA])/(1+C4[SRFA]) 
(b) R2 is the correlation coefficient. 
To represent the typical water film in a fog droplet, we performed experiments on the 22 
µm water film with sub-monolayer coverage of SRFA. According to Eqn. 4.2, the surface 
coverage of SRFA at the highest concentration we used was 77 percent of full monolayer 
coverage. Figure 5.8 shows the observed formation rate constants for phthalide and coumarin on 
the 22 µm film. It should be noted that the photooxidation mechanism and kinetics discussed 
above pertained to the bulk phase photochemical reactions of naphthalene and no surface effects 
were considered. For the 450 µm film that has been shown in our previous work to exhibit 
mainly bulk phase behavior [90], the kinetic data was well interpreted by Eqn. 5.13. However, 
the photochemical reactions of naphthalene on the 22 µm film were predominantly surface 
reaction limited [90] and it would be inappropriate to fit the kinetic data on the 22 µm film to 
Eqn. 5.13. Thus, the data shown in Figure 5.8 was not fitted to Eqn. 5.13. Similar to the 
photooxidation on the 450 µm film, the observed formation rate constants on the 22 µm film also 
show an initial decrease followed by an increase as the concentration of SRFA increases, 
consistent with the two-pathway mechanism. Moreover, SRFA exhibits a distinct effect on the 
surface photochemical reactions of naphthalene. Take the formation of phthalide for example. 
The ratio of the formation rate constant for phthalide on the 22 µm film to the corresponding rate 
constant on the 450 µm film increases from 2.5 in pure water to 3.3 at CS = 49 mg.L-1 and then 
decreases to 1.2 at CS = 980 mg.L-1, indicating a greater surface reaction enhancement at low 
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SRFA concentrations than in pure water and a slight or zero surface reaction enhancement at 
high SRFA concentrations. Heterogeneous reactions at the gas-aqueous interface have been 
shown to proceed faster than homogeneous reactions in the bulk water phase. The surface 
reaction enhancement can be attributed to the enhanced surface concentrations of reactive 
species resulting from the free energy minimum at the interface and the increased quantum yield 
for photolysis due to decreased solvent-cage effect on the surface [90, 102, 116]. The reasons for 
the greater surface reaction enhancement in the region of small SRFA concentrations are 
probably twofold. First, the presence of SRFA increases the surface concentration of naphthalene, 
which directly enhances the surface reaction rate. Second, as shown earlier, the self-sensitized 
photooxidation of naphthalene is the dominant reaction pathway at small SRFA concentrations. 
The presence of SRFA probably decreases the mobility of molecules on the surface and 
consequently suppresses the diffusion-controlled T-T energy transfer from triplet naphthalene to 
ground state SRFA. Thereby the quenching effect of SRFA on the self-sensitized process is 
weakened and the surface reaction rate is enhanced. Unlike under low SRFA concentrations, 
naphthalene molecules are primarily distributed in the SRFA region at high SRFA concentrations. 
Humic substances have been pictured to have an open structure with a number of hydrophobic 
cavities where hydrophobic interactions between humic substances and hydrophobic organic 
compounds occur[113]. In light of this molecular level binding picture, it is speculated that 
naphthalene molecules bound to SRFA are “caged” in the SRFA region, regardless of whether 
they are on the surface or in the bulk phase. As a result, the property of the SRFA micro-region 
determines the photochemical reactivity of naphthalene at high SRFA concentrations and no 
difference exists between the surface and the bulk phase reactions.  
Figure 5.8. Effect of SRFA on the observed formation rate constants for phthalide and coumarin in a 22 µm aqueous film. The insets 
are blowups of the data at small SRFA concentrations. 
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5.3.2.2 Photochemical Reactions of Naphthalene in SDS Aqueous Films  
To compare the effect of SRFA with conventional surfactants, photochemical reaction 
kinetics of naphthalene in the 450 µm SDS aqueous solution film was also investigated. Figure 
5.9 shows the observed formation rate constants for phthalide and coumarin in the 450 µm film 
as a function of the SDS concentration. Unlike SRFA, SDS was photochemically inert under the 
UV light we used and did not show a significant effect on the photooxidation of naphthalene as 
SRFA did. Only at SDS concentrations as high as 500 mg.L-1 was an obvious decrease in the 
formation rate constants observed. The reason for the suppression of naphthalene photooxidation 
at high SDS concentrations could be that a considerable portion of naphthalene molecules are 
bound to SDS molecules at high SDS concentrations and become insusceptible to singlet oxygen 
attack. The following expression of the formation rate constant is obtained based on this 






=                              Eqn. 5.14 
where  is the formation rate constant in pure water. By fitting the kinetic data to this 
equation, we obtain an average K
0
obs,1k
OM value of 1.31 x 10-3 L.mg-1 for SDS, equal to 2.62 x 10-3 
L.(mg carbon)-1, which is in good agreement with the average KOM value obtained from SRFA 
(2.77 x 10-3 L.(mg carbon)-1). Because of their chemical similarity, the effect of SDS on the 
photooxidation of naphthalene is suggestive of that of naturally occurring long chain fatty acids 
[84]. 
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Figure 5.9. Effect of SDS on the observed formation rate constants for phthalide and 
coumarin in a 450 µm aqueous film. The solid lines represent the theoretical fit to experimental 
data (Eqn. 5.14). 
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5.3.3 Atmospheric Implications 
Fog samples collected in the Po Valley of Italy, an area reported to have high levels of 
pollution, revealed high concentrations of water-soluble organic compounds (WSOC) in fog 
droplets, ranging between 14-108 mg carbon.L-1 [117-119]. The humic-like polyacidic 
compounds were found to represent an average 25% of the WSOC and their concentrations were 
estimated to range between 3.5-27 mg carbon.L-1, corresponding to concentrations of 6.7-51.5 
mg. L-1 for the surrogate SRFA. As shown in our work, SRFA suppresses the photooxidation of 
naphthalene over this atmospherically relevant concentration range even though the surface 
reaction enhancement is greater in the presence of SRFA over this range than in pure water. In 
addition to photochemical reactions, PAHs in thin atmospheric water films are subject to various 
other oxidation processes initiated by reactive oxygen species in the atmosphere, including, for 
instance, •OH, •NO3, and O3. Previous work from our laboratory showed that, contrary to the 
inhibiting effect of SRFA on the 1O2 photooxidation of naphthalene over the atmospherically 
relevant SRFA concentration range, the presence of SRFA on the surface of micron-size water 
droplets was conducive to the trapping of O3 and naphthalene and increased the ozonation rate of 
naphthalene by approximately one order of magnitude [120]. Although it is difficult to generalize 
the effect of SRFA on the oxidation of PAHs via different processes, it is doubtless that the 
presence of SRFA, or HULIS in thin atmospheric water films significantly affects the fate of 




UV PHOTO-OXIDATION OF GAS-PHASE PHENANTHRENE 
ON ATMOSPHERIC WATER FILMS 
6.1 Introduction 
Phenanthrene is a 3-ring PAH often detected in the ambient atmosphere. Phenanthrene and 
other higher molecular weight compounds reside primarily associated with the aerosol phase, 
whereas the basic 2-ring compound, naphthalene is mostly present in the gas phase. To gain 
insight of the behavior of more complex organic molecules on atmospheric water films, we 
stepped forward from naphthalene to phenanthrene and investigated its adsorption, 
photooxidation reaction and fate process at the air-water interface. Adsorption of phananthrene 
on pure water films and surfactant aqueous films has been reported in Chapter 3 and Chapter 4 
respectively. In this chapter, we focus on the photooxidation reaction of phananthrene on both 
pure water films and surfactant aqueous films.  
6.2 Experimental Section 
6.2.1 Photooxidation of Phenanthrene on Thin Aqueous Films 
Photooxidation of phananthrene on both pure water films and SRFA aqueous films were 
studied using the flow-tube photo-reactor. The experimental procedure for the photooxidation 
reactions of phenanthrene was identical to that of naphthalene described in Section 5.2.1. Effect 
of film thickness on the photooxidation rate of phenanthrene was investigated. The film 
thickness ranged from 22 to 515 µm. Effect of SRFA on the photooxidation rate of phenanthrene 
in a 515 µm aqueous film was also investigated and the concentration of SRFA ranged from 2 to 
250 mg L-1. 
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6.2.2 Measurement of Singlet Oxygen  
Singlet oxygen has been suggested to be the dominant reaction intermediate in the 
photooxidation of PAHs induced by UV light [5, 110]. The steady state concentration of singlet 
oxygen in an illuminated water film with adsorbed phenanthrene was quantified by measuring 
the loss of low concentrations of furfuryl alcohol in illuminated 100% H2O and 50/50 H2O/D2O 
films with adsorbed phenanthrene. The concentration change of furfuryl alcohol during 
illumination was determined using HPLC. The initial concentration of furfuryl alcohol used for 
the measurement was 1.2×10-6 M and the system studied was a 515 µm water film containing 
3.5×10-6 M adsorbed phenanthrene. 
6.2.3 Photooxidation of Phenanthrene on Aqueous Films Containing D2O 
The decay rate of singlet oxygen in dilute solution is controlled by solvent quenching and 
there is a considerable water-related H/D isotope effect on the lifetime of singlet oxygen. To 
investigate the role of singlet oxygen played in the photooxidation of phenanthrene,  
photooxidation rates of phenanthrene  on 515 µm 100% H2O, 50/50 H2O/D2O, and 100% D2O 
films were measured. 
6.2.4 Sample Analysis 
Quantification of phenanthrene and photooxidation products in the aqueous samples was 
done using the same HPLC and method as described in Section 3.3.1.3. Identification of 
compounds was achieved by matching retention times of standard solutions within +/- 0.1 min 
and by matching the UV spectrum of the standards and the sample.  
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6.3 Results and Discussion 
6.3.1 Photochemical Reactions of Phenanthrene on Thin Aqueous Films
Photochemical reactions of phenanthrene under simulated sunlight conditions were studied 
after adsorption of phenanthrene onto the film was complete. Figure 6.1 shows the typical HPLC 
trace of an aqueous film containing adsorbed phenanthrene that was exposed to UV radiation for 
12 hours. The chromatogram shows several peaks apart from phenanthrene, among which three 
compounds with a relatively high abundance were identified and confirmed with pure standards. 
The products identified were: 9, 10-phenanthrenequinone, 9-fluorenone and 3, 4-benzocoumarin. 
Note that in the case of the thin film experiments reported in this work we see the three main 
products in all of our samples. 
Figure 6.2 shows the accumulation of the three main products in a 515µm water film as the 
reaction proceeds. Quantification of the products was done on HPLC.  
An overall reaction scheme, , was proposed to interpret the kinetic 
data. As a result, the concentration change of the products during the reaction can be described as 








)t(C −−⋅=                          Eqn. 6.1 
where CP1 is the concentration of the product, CPhe0 is the concentration of phenanthrene, k1 is 
the product formation rate constant, and k2 is the product reaction rate constant. Note that the 
concentration of phenanthrene, CPhe0, was kept constant throughout the reaction because of the 
continuous supply of phenanthrene from the gas phase. Moreover, since the water-air 
equilibrium partition constants are high for the oxygenated product compounds, e.g., KWA = 
3.6×104 for 9-fluorenone at 298K [121], we can neglect their gas phase concentrations within the 
reactor. Separate control experiments with standards of products dissolved in water also showed 
that the evaporative loss of products from the water film in the reactor was negligible. A detailed 
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Figure 6.1. HPLC trace of a 515 µm aqueous film sample after 12 hours exposure to UV light.  
The compounds identified are: 9, 10-phenanthrenequinone (PHEQ), 3, 4-benzocoumarin (BzC), 
9-fluorenone (FLU), and phenanthrene (PHE). 
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Figure 6.2. Accumulation of the three main photooxidation products of phenanthrene in a 
515µm water film. 
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deduction of Eqn. 6.1 was given in Section 5.2.2. In the case where P1 is a stable product, further 
degradation of P1 can be neglected and thereby Eqn. 6.1 can be simplified to 
tCk)t(C 0Phe11P =                             Eqn. 6.2 
As shown in Figure 6.2, the concentrations of the products increase linearly with time and 
the kinetic data fits well to Eqn. 6.2. The formation rate constants for the products were obtained 
by fitting the kinetic data to Eqn. 6.2.  
6.3.2 Effect of Film Thickness on Reaction Rates 
Figure 6.3 shows that the formation rate constants for the three main products from 
phenanthrene greatly increased as the film thickness decreased. Table 6.1 lists the product 
formation rate constants measured in water films with both the largest (515 µm) and the smallest 
thickness (22 µm) employed in our experiments. Increases of 47% (9, 10-phenanthrenequinone), 
1495% (3, 4-benzocoumarin), and 1264% (9-fluorenone) were observed as the film thickness 
decreased from 515 µm to 22 µm. Heterogeneous reactions at the gas-aqueous interface have 
been shown to proceed faster than homogeneous reactions in the bulk water phase [90, 102, 122]. 
The contribution of surface reaction increases as the surface area per unit volume (1/δ) increases, 
therefore the measured overall formation rate constants for the products increased with 
decreasing film thickness. Similar effect of film thickness on the photooxidation rate of 
naphthalene was shown in our previous work [90]. However, the highest increase in the product 
formation rate constant for naphthalene was 154% as the film thickness decreased to 22 µm, 
compared to 1495% for phenanthrene. The reported values of KIA and KWA for naphthalene were 
21 µm and 86 respectively. Using these values it can be calculated that at equilibrium only 1% of 
naphthalene is present on the surface of an aqueous film 22 µm thick, whereas 60% of 
phenanthrene is present on the same aqueous film. Given a fixed film thickness, the proportion 
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of surface reaction for phenanthrene is higher than for naphthalene, therefore, the measured 
overall rates for product formation from phenanthrene show a higher increase.  
6.3.3 Effect of SRFA on Reaction Rates 
It is shown in literature reports that fulvic acid is the most important component of 
dissolved organic matters in natural waters. It is also shown via molecular characterization that 
Suwannee River fulvic acid (SRFA) is a good surrogate model to represent polycarboxylic acids 
in fog waters [79]. In this work, we chose SRFA to study the effect of dissolved surfactants on 
the photooxidation of phenanthrene in thin water films. Figure 6.4 shows the effect of SRFA on 
the observed formation rate constants for 9, 10-phenanthrenequinone, 3, 4-benzocoumarin, and 
9-fluorenone in a 515 µm aqueous film. Interestingly, the effects of SRFA on the observed 
formation rate constants for the three main products were totally different. The formation rate 
constant of 9, 10-phenanthrenequinone decreased monotonically as the concentration of SRFA 
increased, whereas that of 3, 4-benzocoumarin decreased in the beginning and then increased. 
Contrary to 3, 4-benzocoumarin, the formation rate constant of 9-fluorenone increased first and 
then decreased. Literature reports on the effect of SRFA on PAH photodegradation in bulk water 
have appeared quite conflicting. Fasnacht and Blough reported that photoreactivities of PAHs in 
bulk water solutions were not affected by SRFA [107]. However, other reports showed that 
whereas the photodegradation of benzo[a]pyrene and benzo[a]anthracene were slowed by 
humic-like substances in water, that of naphthalene increased [108]. These seemingly conflicting 
results are probably attributed to the different reaction mechanisms that different PAHs undergo. 
In the case of phenanthrene photooxidation in our work, the different effects of SRFA on the 
formation of the three main products suggest that phenanthrene was photooxidized to the 
products via different pathways. Effect of SRFA on phenanthrene photooxidation is discussed 
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Compound k1 / min
-1 
(515 µm film) 
k1 / min-1 
(22 µm film) 
Percentage 
increase 
PHEQ 9.5 x 10-4 1.4 x 10-3 47% 
BzC 4.2 x 10-5 6.7 x 10-4 1495% 
FLU 1.1 x 10-4 1.5 x 10-3 1264% 
Table 6.1. Observed Product Formation Rate Constants in Water Films (T=296 K) 
Figure 6.3. Effect of film thickness on the observed formation rate constants of 
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Figure 6.4. Effect of SRFA on the observed formation rate constants of 9, 10-phenanthrenequinone, 3, 4-benzocoumarin, and 
9-fluorenone in a 515 µm aqueous film. 
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6.3.4 Photooxidation Pathways of Phenanthrene 
Three main pathways via which PAHs photodegrade have been proposed in the literature: 
through radical cation intermediates, via reaction with singlet oxygen (1O2), and via reaction with 
hydroxyl radical ( OH) [38, 107]. Figure 6.5 shows the three possible pathways of PAH 
photooxidation in oxygen-containing water.  
 
Figure 6.5 Scheme of photooxidation pathways of PAHs in the O2/H2O system [38, 107]. 
It has been proposed in the literature that singlet oxygen is the dominant reaction 
intermediate in the direct photooxidation of PAHs induced by UV light [5, 110]. In our work, we 
used furfuryl alcohol (FFA), an efficient 1O2-selective trapping agent, to quantify the steady state 
concentration of singlet oxygen in the illuminated 515 µm water film with adsorbed 




















= −                   Eqn. 6.3 
Detailed description of Eqn. 6.3 and values of the constants can be found in the references 
[123, 124]. The apparent first-order kinetic rate constants for the loss of FFA in 100% H2O and 

























2.0×10-5 s-1 and 2.5×10-5 s-1 respectively. Knowing all the values of the parameters on the 
right-hand side of Eqn. 6.3, the steady state concentration of singlet oxygen in the illuminated 
515 µm water film with adsorbed phenanthrene can be calculated and the value determined was 
4.9×10-14 M. 
The decay rate of singlet oxygen in dilute solution is controlled by solvent quenching. 
Water-related deuterium isotope shows a considerable effect on the lifetime of singlet oxygen 
and there is evidence in the literature that the lifetime of singlet oxygen is longer in D2O than in 
H2O [125]. Therefore, it is anticipated that the photooxidation of phenanthrene would proceed 
faster in D2O. However, as shown in Figure 6.6, 3, 4-benzocoumarin was the only one of the 
three main products that had an increasing formation rate constant as the amount of D2O in the 
film increased, confirming its formation route via singlet oxygen. Unlike 3, 4-benzocoumarin, 
the formation rate constant of 9, 10-phenanthrenequinone decreased with increasing D2O and 
that of 9-flurenone increased first and then decreased. The different effects of D2O on the 
formation rate constants of the three products further confirmed that phenanthrene was 
photooxidized to the products via different pathways. D2O is a more ordered liquid than H2O, 
thus the lifetimes of reactive species are longer in D2O. However, D2O exhibits stronger 
hydrogen bonds than H2O, which makes it more difficult to generate deuteroxyl radical while 
illuminated by UV light. Literature reports also show that the yields of radicals and molecular 
products in the radiolysis of D2O are lower than in H2O [126, 127]. Therefore, the concentration 
of hydroxyl or deuteroxyl radical in the illuminated water film with adsorbed phenanthrene 
decreases with increasing amount of D2O thus the photooxidation process of phenanthrene via 
the hydroxyl radical pathway becomes slower. The effect of D2O on the formation rate constant 
of 9, 10-phenanthrenequinone coincided with this phenomenon, suggesting that 9, 


































Figure 6.6. Observed formation rate constants of 9, 10-phenanthrenequinone, 3,4-benzocoumarin, and 9-fluorenone in 515 µm 100% 
H2O, 50/50 H2O/D2O, and 100% D2O films. 
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photooxidation of phenanthrene via the radical cation pathway involves both water and reactive 
species transformed from phenanthrene. Reactivity of water decreases with increasing D2O, 
whereas the lifetime of reactive species transformed from phenanthrene increases. The two 
opposite effects of D2O would result in a complex effect of D2O on phenanthrene photooxidation 
via the radical cation pathway. It is hypothesized that 9-fluorenone was formed from 
phenanthrene via the radical cation pathway. 
Now let us look back at the effects of SRFA on phenanthrene photooxidation. SRFA can 
quench or scavenge the PAH excited states, free radicals, or other excited species that may be 
intermediates in the photochemical reactions of PAHs. Therefore, the formation rate constant of 
9, 10-phenanthrenequinone, which was produced via the hydroxyl radical pathway, decreased 
with SRFA. On the other hand, UV-light absorption of fulvic acid molecules can also promote 
them to their singlet excited state and generate singlet oxygen via the same route as PAHs [109, 
111, 112]. It was shown in our previous work that photooxidation rate of naphthalene via the 
singlet oxygen pathway decreased first and then increased with SRFA [128], which was identical 
to the case of 3, 4-benzocoumarin. The effect of SRFA on the formation of 9-fluorenone is more 
complex than the other two and needs further investigation. 
6.3.5 Comparison of Reaction Rates via Radical Cations, 1O2, and OH 
As shown in Table 6.1, the formation rate constant of 9, 10-phenanthrenequinone is one 
order of magnitude higher than that of 9-fluorenone and 3, 4-benzocoumarin in the 515 µm water 
film, indicating that photooxidation via hydroxyl radical is the most favorable reaction pathway 
for phenanthrene in bulk water under the simulated sunlight conditions employed in our 
experiments. However, the formation rate constants of 9-fluorenone and 3, 4-benzocoumarin 
increased much faster than that of 9, 10-phenanthrenequinone as the film thicknesses decreased. 
The formation rate constant of 9-fluorenone was even higher than that of 9, 
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10-phenanthrenequinone in the 22 µm water film. Therefore, it can be concluded that 
photooxidation via the radical cation and 1O2 pathways are more favorable than via the hydroxyl 
radical pathway for the surface reaction of phenanthrene. 
6.4 Conclusions 
Surface processes are significant for the transport and transformations of PAHs in the 
atmospheric condensed phases (e.g., aerosols, fog and cloud droplets). It is fairly well 
documented that the behavior of pollutants in fogs is extremely size dependent. The study on the 
adsorption and UV photo-oxidation of gas-phase phenanthrene on atmospheric water films was 
intended to provide insight into the behavior of PAHs in the atmospheric environment where thin 
water films are ubiquitous. Completion of this study enabled us to draw the following 
conclusions. 
The total aqueous concentration of adsorbed phenanthrene increased linearly with the 
surface area per unit volume (1/δ) of the water film. Bulk and interface air-water partition 
constants for phenanthrene can be determined by measuring the dependence of the total aqueous 
concentration of adsorbed phenanthrene on 1/δ. The interfacial air-water partition constant of 
phenanthrene increased greatly in the presence of SRFA and SDS, indicating that the presence of 
surface active materials in the aqueous phase at substantial concentrations effectively increased 
the equilibrium partitioning to the air-water interface and uptake by the water film. 
9, 10--phenanthrenequinone, 3, 4-bezocoumarin and 9-fluorenone were identified as the 
three main photooxidation products of phenanthrene. The surface reaction of phenanthrene 
proceeded faster than the reaction in bulk water. Phenanthrene photodegraded through three 
different pathways under simulated sunlight conditions: through radical cation intermediates, via 
reaction with singlet oxygen (1O2), and via reaction with hydroxyl radical ( OH). Photooxidation 
via OH was the most favorable reaction pathway for phenanthrene in bulk water, whereas 
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SUMMARY AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
7.1 Summary 
The processing of PAHs in fog can lead to more harmful oxy- and nitro-PAHs. Hence, the 
adsorption and photochemical transformations of gas-phase PAH vapor were studied in a 
flow-tube reactor with a view to understanding the transport and transformation processes of 
gas-phase PAHs occurring on thin atmospheric water films such as those of aerosols and fog.  
The equilibrium uptake of naphthalene and phenanthrene was dependant on water film 
thickness. Bulk water-air and air-to-interface partition constants of naphthalene and 
phenanthrene were estimated from the experiments based on the dependence of the equilibrium 
uptake on the water film thickness. The air-to-interface partition constant of phenanthrene is 
three orders of magnitude higher than that of naphthalene, showing that phenanthrene is more 
surface active than naphthalene. Theoretical computations of molecular dynamics of PAHs show 
a deep free energy minimum at the air-water interface for PAHs entering water phase from the 
air. As a result, PAH molecules accumulate at the air-water interface and show substantial 
surface enrichments. 
Suwannee River fulvic acid (SRFA) was chosen as a surrogate for the surface active 
humic-like substances present in atmospheric water films. The effect of SRFA on the equilibrium 
partitioning of PAHs to the air-water interface was investigated. To compare with SRFA, the 
effect of a conventional surfactant, sodium dodecyl sulfate, was also studied. The presence of 
surface active materials in the aqueous phase at substantial concentrations effectively increase 
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the overall equilibrium partitioning of PAHs to the air-water interface and uptake by the water 
film. 
Several photooxidation products of naphthalene and phenanthrene were identified in the 
water films and the mechanism of photooxidation was assessed. Singlet oxygen is an important 
reaction intermediate during the photooxidation of PAHs and photooxidation via singlet oxygen 
was proposed as the major photooxidation route for naphthalene. However, the photooxidation of 
PAHs can be very complex, especially for PAHs with several aromatic rings. It was proposed 
that phenanthrene photodegraded via three different pathways: through radical cation 
intermediates, via reaction with singlet oxygen, and via reaction with hydroxyl radical. 
The rate of photo-oxidation was substantially higher in the thin water film as compared to 
the bulk phase reaction. Surface reactions proceed faster than reactions in the bulk water. The 
surface reaction enhancement can be attributed to the enhanced surface concentrations of 
reactive species resulting from the free energy minimum at the interface and the increased 
quantum yield for photolysis due to decreased solvent-cage effect on the surface. The 
contribution of surface reaction increases as the surface area per unit volume (1/δ) increases, 
therefore the photooxidation rate increased with decreasing film thickness. 
Effects of SRFA on the photooxidation of naphthalene and phenanthrene were investigated 
to give insight into the photooxidation process of PAHs in fog droplets in which surface active 
compounds are present. SRFA shows complex effects on the photooxidation of PAHs. These 
were characterized via a dual mechanism of self-sensitized and SRFA-sensitized pathways for 
reaction. The effect of SRFA changes as the concentration of SRFA and the PAH molecule 
under investigation change. However, SRFA suppresses the photooxidation of naphthalene and 
phenanthrene over its atmospherically relevant concentration range (0-51.5 mg. L-1).  
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7.2 Recommendations for Future Work 
During the photooxidation of PAHs in the flow-tube photo-reactor, only the water samples 
were taken for composition analysis. The vapor phase losses of the photooxidation products were 
assumed to be negligible due to their high water-air equilibrium partition constants. However, 
release of surface bound heterogeneous reaction products into the gas phase has been recognized 
and reported in the literature [129]. The make-up of the atmosphere is influenced by the release 
of the surface bound reaction products. Therefore, a careful examination of the composition of 
the gas phase during photooxidation of PAHs on thin water films is suggested to better 
understand the effect of the heterogeneous reactions taking place at the air-water interface on the 
composition of the atmosphere. 
Chemical reactions occurring on atmospheric ice particles have received increased attention 
as to their influence on the climate change. Also, ice surface is an important medium for 
atmospheric chemistry in cold areas. It has been found that the ionization energy of PAHs can be 
significantly reduced in an ice matrix. While ionizing gas-phase PAHs requires VUV radiation 
(λ<200nm), PAHs frozen in ice could readily be ionized by near-UV radiation (λ<300nm) 
[130-132]. As a result, photoionization may compete with photolysis during the photochemical 
transformations of PAHs on ice surface under natural sunlight conditions. Therefore, study on 
the photochemical transformations of PAHs on ice surface under sunlight conditions is proposed 
with an emphasis on exploring the possible difference in the reaction mechanism between 
air-water interface and ice surface. 
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APPENDIX I SUPPORTING INFORMATION FOR SECTION 
5.3.2 
Derivation of the product formation rate via the SRFA-sensitized pathway 
The amount of naphthalene partitioned into the SRFA region is a function of the SRFA 








=                                 Eqn. S.1 
where KOM is the partition coefficient of naphthalene to SRFA. Thus, naphthalene concentration 



























==                  Eqn. S.3 
Substituting Eqn. S.2 and Eqn. S.3 into Eqn. 5.10 shown in the text and noting that 





















=   
                                           Eqn. S.4 
In their recent work, Latch and McNeill found that microheterogeneity of singlet oxygen 
distributions exist in irradiated humic acid solutions [112], suggesting a constant singlet oxygen 
concentration in the humic substance region and a linear dependence of the aqueous region 
singlet oxygen concentration on the concentration of the humic substances. According to this 
finding, [1O2]1,SRFA in Eqn. S.4 is assumed to be constant and [1O2]2,SRFA is expressed by 
[1O2]2,SRFA=kgen[SRFA], where kgen is a kinetic constant describing the concentration of singlet 
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oxygen in the bulk aqueous phase induced by SRFA. Rewriting Eqn. S.4 accordingly gives Eqn. 
5.11 shown in the text. 
Derivation of the product formation rate via the self-sensitized pathway 
The concentration of singlet oxygen in the bulk aqueous phase associated with the 










=                                    Eqn. S.5 
where kq is the quenching constant of SRFA and [1O2]0 is the concentration of singlet oxygen in 
the solution without SRFA. Although used to describe the concentration of singlet oxygen, the 
quenching constant kq reflects the total quenching effect of SRFA on naphthalene excited states 
and does not imply the direct quenching of singlet oxygen by SRFA. Since the 
diffusion-controlled T-T energy transfer from triplet naphthalene to ground state SRFA is fast in 
the SRFA region, the self-sensitized process in the SRFA region is neglected and we obtain the 












=                             Eqn. S.6 
Substituting Eqn. S.3 and Eqn. S.5 into Eqn. S.6 gives Eqn. 5.12 shown in the text. 
Derivation of the product formation rate in the presence of SDS 
Based on the assumption that naphthalene molecules bound to SDS are not subject to the 










2=                               Eqn. S.7 












=                    Eqn. S.8 
Noting that krxn•[1O2] = , we obtain Eqn. 5.14 shown in the text. 0 obs,1k
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